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Abstract: Abstract: The abstracts herein are of presentations by crop experts for the 
workshop “Wheat Yield Consortium: Sponsored by SAGARPA’s international strategic 
component for increasing wheat performance, under the Sustainable Modernization of 
Traditional Agriculture Program (MasAgro); BBSRC, UK; USAID, USA; and GRDC, Australia. 
The event covers innovative methods to significantly raise wheat yield potential, including 
making photosynthesis more efficient, improving adaptation of flowering to diverse 
environments, addressing the physical processes involved in lodging, and physiological and 
molecular breeding. The workshop represents the initial research of the International Wheat 
Yield Consortium that involves scientists working on all continents to strategically integrate 
research components in a common breeding platform, thereby speeding the delivery to 
farmers of new wheat genotypes.
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Workshop of the Wheat Yield Consortium (WYC) 
March 1–3, 2011, Cd. Obregón, Son.

Tuesday March 1 (9:00am–12:30pm, Quality Inn)
9:00 Welcome and background to the WYC (Tom Lumpkin/Hans Braun)

The WYC
• 9:15 Introduction to WYC objectives and the Mexican phenotyping platform (Matthew Reynolds)
• 9:30 The WYC 10 year business plan (Scott Ferguson and Matthew Reynolds)
• Overview of the WYC research activities initiated 
 o 10:00 Increasing photosynthesis (Martin Parry)
 o 10:30 Optimizing partitioning to grain while maintaining lodging resistance (John Foulkes)
• 11:00 Break for Coffee 
• Outline of research that still needs funding in order to achieve the objective of raising wheat yields 

by 20% within 10 years and doubling yield potential by 2050
 1. 11:30 Increasing photosynthesis (Robert Furbank)
 2. 12:00 Optimizing partitioning to grain while maintaining lodging resistance (Bill Davies)
 3. 12:30 Breeding for yield potential and delivery strategies (Matthew Reynolds)
• Lunch (1-2pm, Quality Inn) 

Tuesday March 1 (2.00pm–5.00pm, Quality Inn)
Feedback and discussion from whole group (led by TAC members)

Free for dinner in Obregon

Wednesday March 2 (9.00am–11:30am , CENEB Field Station)
Field presentations of experiments being conducted by the WYC collaborators at Mexican research hub

• 9:00 The Mexican research platform (Mathew Reynolds and Julio Huerta)
• 9:15 Light interception (Candido López Castañeda and Tony Condon)
• 9:30 Canopy photosynthesis (Erik Murchie and Qingfeng Song)
• 9:45 Spike photosynthesis (Gemma Molero and Robert Furbank)
• 10:00 Optimizing harvest index (John Foulkes)
• 10:15 Optimizing developmental pattern to maximize spike fertility (Gustavo Slafer)
• 10:30 Improving grain filling and potential grain size (Daniel Calderini and Said Mouzeyar)
• 10:45 Identifying traits for lodging resistance (Pete Berry)

  CENEB Auditorium (11:30-12:30)
• 11:30 Marker-based breeding to complement trait-based approaches  (Simon Griffiths)
• 11:50 Whole genome selection to accelerate the accumulation of yield potential genes (Yann Manes)
• 12:10 Wide crossing to enhance photosynthetic capacity (David Bonnett)
• Lunch (12:30-2pm, CENEB training building)
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Wednesday March 2 (2.00pm–5.00pm, CENEB Field Station)
Field Day of Global Wheat Program and Allied Activities

• 2:00 Irrigated bread wheat improvement and rust resistance (Ravi Singh)
• 2:20 Durum wheat breeding (Karim Ammar)
• 2:40 Breeding for rain fed environments (Yann Manes)
• 3:00 Physiological approaches to breeding for climate change (M. Reynolds and A. Pask)
• 3:20 Marker assisted selection at CIMMYT (Susanne Dreisigacker)
• 3:40 Genetic resistance to disease (Etienne Duveiller)
• 4:00 Nitrogen use efficiency (Ivan Ortiz Monasterio)
• 4:20 Conservation agriculture (Bram Govaerts)

  Carne Asada Dinner (5:30pm–8:30pm, CENEB Field Station) with Mariachis

Thursday March 3
Planning and strategy development

• INIFAP (WYC-Masagro) scientists’ planning meeting of national CIMCOG trials in the 2011/12 wheat 
cycle within MasAgro initiative (8.00am–Noon, CENEB Field Station)

• The WYC-technical advisory committee (TAC) meeting (8.00am–Noon, Quality Inn)
• Interaction of the WYC overseas scientists with MasAgro students (8.00am–Noon, CENEB)
• Lunch (noon to 1pm, CENEB training building)
• WYC collaborator & TAC discussion of research and coordination (1.00pm–4.00pm, CENEB)
• Plenary session: WYC Next Steps, led by the TAC (4:00pm–5:00pm, CENEB)
• Closing Ceremony (5:00pm–5:30pm, CENEB)

vi



Wheat is the most widely grown of any crop and 
an essential component of the global food security 
mosaic, providing one-fifth of the total calories for 
the world’s population. Since the 1960s, increases in 
productivity have been achieved as a result of wide-
scale adoption of Green Revolution technologies 
(Evenson and Gollin 2003). However, in spite of 
growing demand the challenges of increasing 
production to feed an estimated world population 
of 9 billion in 2050 are still considerable. Less 
developed countries are particularly vulnerable 
in terms of food security for three main reasons: 
(i) most are net importers of cereals, (ii) many 
of their national agricultural research services 
lack sufficient capacity for timely delivery of 
agricultural technologies, and (iii) the majority are 
located in regions that are vulnerable to climate 
change (Lobell et al. 2008). While internationally 
coordinated public wheat breeding efforts have 
focused in recent decades on increasing resistance 
to disease and abiotic stress (Braun et al. 2010), 
efforts to raise genetic yield potential per se have 
received scant attention. In fact, the fundamental 
bottleneck to raising productivity, namely utilization 
of solar radiation per unit of dry matter production 
(radiation use efficiency – RUE), has barely changed 
in the modern era of wheat breeding.  
 
Theoretical considerations suggest that wheat 
yield potential could be increased by up to 50% 
through the genetic improvement of RUE. However, 
to achieve agronomic impacts, structural and 
reproductive aspects of the crop must be improved 
in parallel (Reynolds et al. 2009). A wheat yield 

Overview: Raising Yield Potential of Wheat

consortium (WYC) has been convened that fosters 
linkage between ongoing research platforms in order 
to develop a cohesive portfolio of activities that will 
maximize the probability of impact in farmer’s fields 
(Table 1, Figure 1). Attempts to increase RUE will 
focus on improving the performance and regulation 
of Rubisco, introduction of C4-like traits such as CO2 
concentrating mechanisms, improvement of light 
interception, and improvement of photosynthesis at 
the spike and whole canopy levels. For extra photo-
assimilates to translate into increased grain yield, 
reproductive aspects of growth must be tailored 
to a range of agro-ecosystems to ensure that stable 
expression of a high harvest index (HI) is achieved. 
Adequate partitioning among plant organs will be 
critical to achieve favorable expression of HI, and 
to ensure that plants with heavier grain have strong 
enough stems and roots to avoid lodging. Trait-
based hybridization strategies will aim to achieve 
their simultaneous expression in elite agronomic 
backgrounds and wide crossing will be employed 
to augment genetic diversity where needed; for 
example to introduce traits for improving RUE 
from wild species or C4 crops. Genomic selection 
approaches will be employed, especially for 
difficult-to-phenotype traits. Genome wide selection 
will be evaluated and is likely to complement 
crossing of complex but complementary traits by 
identifying favorable allele combinations among 
progeny. Products will be delivered to national 
wheat programs worldwide via well established 
international nursery systems and are expected 
to make a significant contribution to global food 
security (Braun et al. 2010). 

vii

Theme 1: Increasing photosynthetic capacity and efficiency 
SP1.1 Phenotypic selection for photosynthetic capacity and efficiency
SP1.2 Capturing the photosynthetic potential of spikes
SP1.3 Optimizing canopy photosynthesis and photosynthetic duration
SP1.4 Chloroplast CO2 pumps
SP1.5 Optimizing RuBP regeneration
SP1.6 Improving the thermal stability of Rubisco Activase
SP1.7 Replacement of LS Rubisco

Table 1: A consortium to raise the yield potential of wheat: Sub-project (SP) structure



PHYSIOLOGICAL TOOLS: 
Develop conceptual models,
phenotyping protocols, & 

molecular markers

GENETIC RESOURCES:
Explore wheat collections/alien 
species for desired traits

PRE-BREEDING:    
• Trait-based & wide crossing: amphiploids, synthetics, genetic transformation

• Test alternate physiological models to harmomize traits in a common genetic background
• Determine interaction of traits with abiotic stress

Basic research platforms: complementary traits

BREEDING:
•Introgress high-yield phenotype into elite genetic backgrounds 

•Multi-location yield testing to determine relative impact in diverse target environments 
•Combine with local adaptation requirements including disease resistance and end-use quality.

•Deploy finished product through international nurseries

Applied research 
platforms: germplasm

RUE 
Rubisco

•RuBP
regeneration

•Thermally 
stable

Rubisco
activase

• Rubisco
engineering

Parti-
tioning
•Identify 

optimal Rht,
Ppd, Vrn, EPS 

deployment 

•Optimize 
partitioning 

among organs

•Reduce kernel 
abortion 

associated with 
sensitivity to 

environment cues

•Increase kernel 
weight 

potential

Lodging
resist-
ance

•Validate stem 
and root lodging 
models in range 

of genetic 
backgrounds & 
environments

•Estimate trade-
offs between 

lodging 
resistance and 
improved HI

RUE
C4 like
traits

•Carbon 
concentrating 
mechanisms

RUE
Spike/ 
canopy
photo-

synthesis
•Estimate 

contribution of 
spikes to canopy 

RUE

•Identify a range 
of optimal 
canopy 

structures/       
N-profiles

viii

RUE = radiation use efficiency; HI = harvest index
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Figure 1.  A research strategy to improve yield potential of wheat

Theme 2: Optimizing partitioning to grain while maintaining lodging resistance
SP2.1 Optimizing harvest index through increasing partitioning to spike growth and maximizing grain 

number
SP2.2 Optimizing developmental pattern to maximize spike fertility
SP2.3 Improving spike fertility through modifying its sensitivity to environmental cues
SP2.4 Improving grain filling and potential grain size
SP2.5 Identifying traits and developing genetic sources for lodging resistance
SP2.6 Modeling optimal combinations of, and tradeoffs between, traits

Theme 3: Breeding to accumulate yield potential traits
SP3.1 Trait and marker based breeding 
SP3.2 Wide crossing to enhance photosynthetic capacity 
SP3.3 Genomic selection to increase breeding efficiency
SP3.4 Germplasm evaluation and delivery
 



1

Theme 1: Increasing Photosynthetic Capacity and Efficiency

Bob Furbank1, Martin Parry2, Cándido López Castañeda3, Tony Condon1, Susanne von Caemmerer4,
John Evans4, Dean Price4, Murray Badger4, Mike Salvucci5, Xinguang Zhu6, Erik Murchie7, Christine Raines8,

Huw Jones2, Amil Day9, Gemma Molero10, Matthew Reynolds10 
1CSIRO and HRPPC Australia, 2Rothamsted Research Institute UK 3COLPOS Mexico, 4RSB ANU Australia, 5USDA USA,

6CAS China, 7Nottingham University UK, 8University of Essex UK, 9Manchester University UK, 10CIMMYT Mexico.

SP1.1:  Phenotypic selection for photosynthetic capacity and efficiency 
SP1.2:  Phenotypic selection for ear photosynthesis 
SP1.3: Optimizing and modeling canopy photosynthesis and photosynthetic duration
SP1.4:  Chloroplast CO2 pumps
SP1.5 :  Increasing RuBP regeneration 
SP1.6:  Improving the thermal stability of Rubisco activase
SP1.7:  Replacement of LS Rubisco

(Partially funded activities italicised, unfunded activities in grey)

Background

This Theme aims to produce novel wheat 
germplasm with superior photosynthetic efficiency, 
superior photosynthetic capacity and hence higher 
anthesis biomass and yield potential (Parry et al. 
2011).  Improving photosynthesis is the cornerstone 
of the Wheat Yield Consortium (WYC) proposal 
in that it aims to provide the elevated carbon 
“push” which the other Themes will capitalise 
on by optimising partitioning of carbon to filling 
grain in Theme 2 and build upon through breeding 
strategies in Theme 3 (see Reynolds et al. 2011).  
Theme 1 aims to produce germplasm with improved 
photosynthetic characteristics and yield by a 
combination of forward genetic high throughput 
Phenomic screens and genetic modification (GM) 
/ transgenic approaches with timeframes designed 
to deliver from 3 years, in the former case, to 10–15 
years in the latter case. This staged approach is a 
key feature of the program as it provides material at 
the upper end of genetic diversity for crossing into 
elite lines in the short term and completely novel 
transgenic germplasm for crossing in the longer 
term. Theme 1 is strongly cross-disciplinary and 
international, offering the very best cross section of 
experts in crop photosynthesis and crop modelling 
available, the opportunity to access the unique 
germplasm sets available in the key countries, 
UK, Australia, U.S.A., Mexico, and China and 
importantly, the Theme 1 team includes the most 
experienced physiologists worldwide to produce 
and work with transgenic germplasm.

No activities in Theme 1 have been fully funded to 
date. This abstract will summarise the objectives in 
each sub-project (SP) which are unfunded and the 
outputs of these unfunded activities.

SP1.1:  Phenotypic selection for photosynthetic 

capacity and efficiency

This project seeks to develop and deploy Phenomic 
screens for photosynthetic improvement, accessing 
the best candidate lines from the majority of 
world germplasm collections. Germplasm will 
be screened for Rubisco kinetics and amount, the 
major determinants of photosynthetic rate in air at 
high light (see Parry et al. 2011). Current funding 
supports activities in Mexico on core CIMMYT 
germplasm sets and the support of a graduate 
student from Mexico to enrol at the Australian 
National University (ANU), Canberra, and develop 
and validate photosynthetic screening techniques 
for controlled environment and field screening of 
germplasm sets. This project has a medium term 
timeframe for delivery.

SP1.1.1: Identification of wheat germplasm with 
variation in photosynthetic capacity and efficiency under 
optimal and heat stress conditions
This will be restricted to small validation germplasm 
sets available in the CIMMYT collection. Additional 
funding would expand activities to germplasm 
sets from all collaborators and allow multi-site 
phenotyping in both hemispheres using state of the 
art field Phenomics tools at the Phenomics Centre in 
Australia. No screening under high temperature is 
possible at present.

Gap Analysis of Unfunded Activities
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SP1.1.2: Elucidation of mechanisms underlying improved 
photosynthesis in candidate lines 
This would not be possible with current funding. 
Discovery of mechanism would produce candidate 
genes for further improvement, markers for 
development of breeding tools and targets for 
transgenic work. 

SP1.1.3: Validation of increased photosynthetic 
performance and yield potential in the field
Field validation of germplasm identified would 
not be possible with current funding, except if 
superior genotypes suitable for field validation were 
identified in the first screen.

In summary, current funding restricts the 
international power of the consortium and scale 
of the screen to predominantly development of 
techniques. 

SP1.2: Phenotypic selection for ear 

photosynthesis

Ear photosynthesis is an important component 
of whole plant carbon acquisition not currently 
bred for in cereals. Existing funding supports a 
student project for development and validation of 
techniques. Ear photosynthesis presents a short 
to medium term delivery timeframe to improve 
photosynthetic carbon provision during grainfilling.

SP1.2.1: Identification of wheat germplasm with 
variation in photosynthetic capacity and efficiency of the 
spike 
Genotypic variation can be demonstrated using 
existing selection tools in the current project.

SP1.2.2: Validation of increased ear photosynthetic 
performance and its relationship to yield potential under 
different high production wheat environments 
Not possible with current funding. 

SP1.2.3: Identification of the biochemistry and genetics 
underlying elevated ear photosynthesis 
Not possible under current funding.

SP1.2.4: Development of screening tools and molecular 
markers for spike photosynthesis
Screening tools will be developed but fine markers 
will not.

In summary, development of phenotyping tools 
and identification of some genetic variation will 
be possible but a large scale germplasm screen, 
validation and marker development requires 
additional funding. 

SP1.3: Optimizing and modeling canopy 

photosynthesis and photosynthetic duration

Current funding supports activities in Mexico, 
screening for genotypic variation in canopy traits on 
core CIMMYT germplasm sets and the support of a 
graduate student from CAS China to develop and 
validate a computer simulation model that digitally 
describes the crop canopy and the within-canopy 
environment.

SP1.3.1: Evaluate effects on radiation interception (RI), 
radiation use efficiency (RUE), biomass and grain yield 
of genetic variation in leaf area duration, within-canopy 
leaf area distribution and stomatal conductance 
Achievable to some extent with current funding but 
only at one site in limited sets of germplasm and 
using existing “clunky”, low throughput screening 
tools.

SP1.3.2: Using outputs from SP1.3.1, model the impacts 
of changes in within-canopy and within-season 
distributions of leaf area (LA) and N, to determine 
combinations of LA and canopy N distributions that 
optimise seasonal RI and RUE 
Some progress can be made with current funding 
but additional and longer-duration funding is 
needed to successfully incorporate the first step, 
“a digital description of a crop canopy”, into an 
effective and useful whole-of-crop model that 
integrates season-long processes affecting RI and 
RUE so as to generate crop biomass and grain yield 
outputs.

SP1.3.3:  Using outputs from SP1.3.1 and SP1.3.2, and 
with input from Theme 3, initiate a crossing program 
to bring together optimal combinations of leaf/canopy 
traits 
Achievable to a limited extent assuming some useful 
genotypic variation in key traits is identified within 
the limited germplasm set using existing selection 
tools.

In summary, identification of some genetic variation 
in canopy traits will be possible and crossing could 
proceed if there is sufficient variation in traits but 
development and validation of new and/or more 
efficient protocols for screening requires additional 
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funding. Additional funding is also needed to 
develop, validate and implement an effective whole-
of-crop model that integrates season-long processes 
affecting canopy RI and RUE.

SP1.4: Chloroplast CO
2
 pumps

This project is unfunded and seeks to improve 
photosynthesis by mimicking CO2 concentrating 
mechanisms not present in wheat or other C3 crops. 
This project is high impact with a long term delivery 
timeframe.

SP1.4.1: Introduce a CO2 concentrating mechanism into 
C3 chloroplasts based on bicarbonate (HCO3

-) pumps 
from cyanobacteria
Not funded; activity currently supported by ANU. 

SP1.4.2: Investigate biochemical CO2 pumps by wide 
crossing and interaction with C4 rice Consortium 
Not funded.

SP1.5: Increasing RuBP regeneration

This project aims to increase the capacity of wheat 
to regenerate RuBP, the substrate for the enzyme 
of carbon fixation Rubisco. Photosynthesis is co-
limited in the canopy by the kinetics of Rubisco and 
the rate of regeneration of RuBP. Increasing RuBP 
regeneration in model plant species substantially 
improves photosynthesis. The two limiting steps 
in RuBP regeneration are SBPase and aldolase 
(Raines 2003, 2006) and these are the targets for 
over-expression in transgenic wheat. This project 
has seed funding directly from CIMMYT to allow 
commencement of transformation experiments as 
the timeframe for production of plants and analysis 
of their performance is considerable. The project is 
high impact with a medium to long term delivery 
timeframe.

SP1.5.1: To optimize the regeneration of RuBP in wheat 
leaves by increasing levels of SBPase and FBPaldolase 
Construct generation and transformation is 
currently funded but analysis of transgenics will 
be limited by funding. Crossing of best lines from 
each construct may be possible with current funds 
but glasshouse trials and field trials of performance 
of these plants will not be possible with current 
funding.

In summary, generation of germplasm is supported 
but not analysis of performance.

SP1.6: Improving the thermal stability of Rubisco 

activase

Stability of yield improvements achieved 
through increases in photosynthetic capacity and 
efficiency in projects SP1.1, SP1.2 and SP1.7 will be 
compromised by inactivation of Rubisco at high 
temperatures likely to be experienced due to climate 
change. Heat stability of Rubisco activase, a protein 
which regulates Rubisco activity in wheat leaves, 
has been shown to be an important determinant of 
heat stability of photosynthesis (Salvucci et al. 2004). 
This project will show transgenic wheat, containing 
an engineered Rubisco activase, to be heat stable in 
vitro. This project is high impact with a medium to 
long term delivery timeframe.

SP1.6.1:  To produce wheat germplasm with improved 
tolerance to heat stress 
Currrent funds may allow transformation of “best 
bet” gene contructs into wheat as part of SP1.5 but 
no analysis of phenotypes.

In summary, generation of germplasm supported 
but limited. No analysis of germplasm funded. 

SP1.7: Replacement of LS Rubisco

Evidence in the literature suggests that the regions 
of the Rubisco protein important for conferring 
desirable kinetic features reside in the large 
subunit of the protein, which is encoded by the 
chloroplast genome (see Parry et al. 2011). Plastid 
transformation is currently only possible in a limited 
number of species, and not in cereals. This project 
aims to develop plastid transformation in wheat 
and use gene constructs encoding novel Rubisco 
large subunits aimed to improve kinetic properties. 
This project is very high impact with a long term 
delivery timeframe.

SP1.7.1: To modify the catalytic properties of Rubisco in 
leaves 
Not currently funded.

In summary, this technology is necessary to produce 
truly novel wheat germplasm with radically 
improved Rubisco kinetic properties.

Funding implications and outputs 

The major attraction of this international consortium 
approach to wheat yield potential is the power 
of the inter-disciplinary team, the vast array of 
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germplasm available for analysis internationally 
in both hemispheres (Box 1) and the combination 
of Phenomics and transgenic approaches with 
timeframes from 3 to 15 years. Funding of 
small components of Theme 1 risk the level of 
international cohesion and may result in the loss of 
the cohesion of the package across high risk long 
term research and shorter term delivery focussed 
screening approaches. Major increases/impacts 
would be seen as follows:
• Internationalisation of SP1.1 with major impact 

in drilling down to mechanisms and delivering 
genotypes

• Expansion of SP1.2 to include wider germplasm 
screens and development of marker assisted 
selection 

• Expansion of SP1.3 will provide a pipeline 
for translation of leaf level traits to canopy 
performance and new breeding ideotypes

• Funding SP1.4 provides a completely novel 
germplasm set with reduced photorespiration 
and build linkages with the BMGF funded C4 
Rice Consortium

• Expanding SP1.5 provides germplasm which 
will complement lines with improved Rubisco 
and ensure canopy level performance at all light 
levels

• Funding SP1.6 will ensure heat stability of the 
gains made in Rubsico improvement

• Funding SP1.7 will ensure a pipeline into wheat 
germplasm for improved, engineered Rubisco 
large subunit sequences

2

1

BOX 1

The power of an international consortium approach is 
the cross-disciplinary capability accessible and in the case 
of a Phenomics screen, the ability to conduct research 
on diverse germplasm sets in a number of environments 
across the calendar year. World-class high resolution and 
high throughput systems are in place for field phenotyping 
of wheat at the High Resolution Plant Phenomics Centre 
(HRPPC) in Canberra (see Figs 1 and 2), and systems are 
under development in the UK. 

Additional funding will provide access to these systems. 
Expansion of the screening activities to other partners will 
also provide access to MAGIC populations which encompass 
global wheat resources plus extremely high yielding 
genotypes from the UK, USA and high rainfall breeding 
programs in Australia. Additional funding is also required to 
drill down to mechanisms and genes underpinning superior 
photosynthesis, growth and anthesis biomass in wheat lines 
identified in the forward genetic screen and to provide the 
field validation of traits in multiple environments.
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For improvements in photosynthetic capacity 
(Theme 1 see Parry et al. 2011) to result in 
additional wheat yield, extra assimilates must be 
partitioned to developing spikes and grains to 
accommodate the extra assimilates. At the same 
time, improvement in dry matter partitioning 
to spikes should result in weaker plants that 
are vulnerable to stem or root lodging. It is 
therefore crucial that improvements in structural 
and reproductive aspects of growth accompany 
increases in photosynthesis to enhance the net 
agronomic benefits of genetic modifications. We 
are following six complementary approaches, 
namely: (i) optimizing spike growth to maximize 
grain number and dry matter harvest index, (ii) 
optimizing developmental pattern to maximize 
spike fertility and grain number, (iii) improving 
spike fertility through desensitizing floret abortion 
to environmental cues, (iv) improving potential 
grain size and grain filling rate, and (v) improving 
lodging resistance. Since many of the traits 
tackled in these approaches interact strongly, an 
integrative modeling approach  (vi) to identify any 
trade-offs between key traits, and hence define 
target ideotypes in quantitative terms, is being 
used. In summary, our work should maximize 
returns in food production from investments 
in increased crop biomass by increasing spike 
fertility, grain number per unit area and harvest 
index (HI) whilst optimizing the trade-offs with 
potential grain weight and lodging resistance.

No activities in Theme 2 have been fully funded to 
date.  This abstract will summarise the objectives 
in each sub-project which are unfunded and the 
outputs of these unfunded activities.

SP2.1: Optimizing harvest index through 

increasing partitioning to spike growth and 

maximizing grain number

Background   

Notwithstanding the global impact of dwarfing 
genes on improving yield and crop HI, adaptation 
of reproductive processes to environment is still 
considered among the most challenging aspects 
of cereal improvement. While increases in HI 
have been achieved in the post-Green Revolution 
period their physiological and genetic basis is 
not well established. There is clear evidence that 
spike fertility can be improved by increasing the 
availability of assimilates to the developing spike 
(see Reynolds et al. 2009). The identification of new 
sources of germplasm assembled with favorable 
expression of spike fertility index and related traits 
maximizing HI and grains m–2 and the investigation 
of the underlying mechanisms has been initiated in 
the CIMCOG in 2010/11 and the PhD studentships 
to start in 2011 which will include genetic analysis 
of traits at MEXPLAT in collaboration with Theme 3 
(see Foulkes et al. these proceedings). 

Objectives

SP2.1.1. Phenotype wider range of genetic resources 
SP2.1.2. Develop markers for marker assisted 

selection (MAS)
SP2.1.3. Quantify source–sink balance in modern 

genotypes contrasting for spike phenotype and 
the extent to which post-anthesis radiation use 
efficiency (RUE) may be influenced by sink 
limitation 

SP2.1.4. Develop phenotyping methodologies 
for screening sink (grain growth, assimilate 
partitioning) and source (leaf photosynthesis 
using gas exchange and RUE) traits

Theme 2: Optimizing Partitioning to Grain Yield While

Maintaining Lodging Resistance

John Foulkes1, Gustavo A. Slafer2, William J. Davies3, Pete. M. Berry4, Roger Sylvester-Bradley4, Pierre Martre5,6,
Said Mouzeyar and Jaques Legouis6, Daniel F. Calderini7, Simon Griffiths8, Matthew P. Reynolds9

1The University of Nottingham UK, 2 ICREA and University of Lleida Spain, 3 Lancaster University UK, 4ADAS UK, 5INRA France, 
6Blaise Pascal University France, 7Universidad Austral de Chile 8John Innes Centre UK, 9CIMMYT Mexico.

Gap Analysis of Unfunded Activities
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Research activities requiring funding 

Further research activities addressing optimized 
assimilate partitioning and spike fertility will be 
required to: 
• Identify genetic variation in a wider range of 

genetic resources including exotics for  target 
traits not found in CIMCOG for variation in 
underlying enhanced spike dry matter (DM) 
partitioning and quantify G × E interactions in 
multi-location trials    

• Characterize traits in multi-location worldwide 
field trials implemented across high-yield 
potential environments (UK, France, Spain, 
Mexico, Argentina and Chile) to understand the 
quantitative relationships between target traits 
in different agro-meteorological regions and 
quantify G × E interactions

• Carry out genetic analysis of traits in association 
panels and bi-parental populations in multi-
location trials in order to gain a better 
understanding of the range of potential loci and 
alleles that influence these traits as well as their 
interactions with environment

In addition, to underpin the initiated research 
activities in SP2.1 activities it will be important to 
benchmark yield potential, and related traits, of 
current elite cultivars and establish the ways in 
which breeding for yield can influence source:sink 
balance given the evidence for sink limitation 
to yield even at current levels of RUE (Reynolds 
et al. 2001, 2005, 2009; Acreche and Slafer 2009). 
Quantification of the source:sink balance of 
modern cultivars worldwide and understanding 
of the determinant source- and sink-type traits is 
a prerequisite for designing new ideotypes with 
improved  combinations of photosynthetic and 
partitioning traits. Overall, new ideotypes in which 
source and sink are more or less simultaneously 
increased and exploiting traits that affect grain 
number without affecting grain size, and vice versa, 
will be key to improving HI. 

Expected outcomes / impacts

1. Germplasm identified as sources for spike 
partitioning, spike fertility, grains m-2

2. Molecular markers for enhanced spike 
partitioning, spike fertility, grains m-2 

3. Current elite varieties benchmarked for 
source:sink balance  

4. Phenotyping methodologies for screening sink 
and source traits

SP 2.2: Optimizing developmental pattern to 

maximize spike fertility

Background 

Hypothetically, wheat yield potential could be 
further increased through optimizing developmental 
pattern to maximize spike fertility. This is because the 
optimization of the partitioning of developmental 
time between phases occurring before and after the 
onset of stem elongation (SE) may be relevant for 
grain number and yield determination (Slafer et al. 
2009), as lengthening the duration of the SE phase 
may increase yield (Slafer 2003; Miralles and Slafer 
2007). 

Objectives

The specific aims of SP2.2 are: 
SP2.2.1: To characterize the variability available 

in partitioning of developmental time between 
phases occurring before and after the onset of 
stem elongation in populations and precise 
genetic stocks designed for the dissection of 
these traits

SP2.2.2: To identify whether the variability would 
be due to differential photoperiod sensitivities 
during SE or to variation in earliness per se 
during this phase

SP2.2.3: To identify genetic factors controlling 
phenological partitioning and provide markers 
making it possible to select for a lengthened SE

SP2.2.4: To determine the level of correlation 
between extended SE phase and grain number 
(and yield), through introgression of the trait in 
common backgrounds and testing the effect in a 
range of environments.

Research activities requiring funding   

The first research action of SP2.2 is to study the 
range of variation in duration of SE and spike 
fertility determinants in the CIMCOG population 
at Ciudad Obregon, and then this characterization 
will be complemented with the genotyping of this 
population and stem extension QTL identified at 
the John Innes Centre, JIC, (see Slafer et al. these 
proceedings). This is the only part of SP2.2 that can 
be completed without further funding.

The search requires the exploration of new 
populations as well as testing them in contrasting 
environments; as testing adequately the G × 
E and QTL × E interactions is a critical aspect 
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for determining the usefulness of a trait for 
breeding. Among the populations to be studied 
are those developed at JIC from other lines 
exhibiting unusual patterns of phenology crossed 
with Paragon, a U.K. variety. Together with 
the CIMCOG derived populations, this will 
constitute a nested association mapping panel 
capturing a wide range of variation for SE and 
complementing existing genetic and genomic 
resources already developed in the U.K.. This 
germplasm development, focusing on Paragon 
in the U.K., would be mirrored by a crossing 
program of the same CIMCOG varieties to one 
selected CIMMYT variety (possibly Bacanora) to 
produce recombinant inbred (RIL) and doubled 
haploid(DH) populations. Together, these two 
sets of populations would allow the assessment 
of genetic diversity in genetic backgrounds 
adapted to diverse target environments. In the 
U.K. a similar approach (the Landrace Pillar of 
the BBSRC Wheat Pre-breeding Cross Institute 
Programme) is being applied to identify new and 
useful genetic variation in landrace collections 
such as the AE Watkins collection. This is based on 
the successful strategy adopted at the JIC, for the 
genetic dissection of Western European elite winter 
germplasm. The populations, genotypes, QTL, 
near isogenic lines (NILs), marker assays and trait 
data produced in both the new BBSRC initiative 
and its ongoing elite program will be strongly 
complementary to outputs of the work proposed 
here. It will enable a two-way flow of genetically 
characterized diversity between CIMMYT and 
Western European germplasm, for the benefit of 
both. 

Expected outcomes / impacts

1. Optimal development patterns identified –in 
terms of maximizing spike fertility and grain 
number– for major wheat agro-ecosystems 

2. Germplasm expressing optimized 
developmental pattern used in breeding

3. QTLs and eventually fine markers facilitating 
the introgression and then selection of 
optimized developmental patterns and 
maximized spike fertility.

SP 2.3: Improving spike fertility through 

modifying sensitivity to environmental cues

Background  

Work demonstrating excess photosynthetic 
capacity during grain filling in modern wheat 
(Reynolds et al. 2005) suggests that wheat aborts 
more florets than necessary. We hypothesize that 
this may be a result of an overly conservative 
response to environmental cues due to genetic 
bottlenecks associated with evolutionary 
pressures and the historic cultivation of wheat in 
stressed environments. Signaling in plants is well 
established and regulatory mechanisms appear to 
be highly sophisticated, involving long distance 
electrical signals and intercellular transport of 
macromolecules that help to optimize energy 
use and regulate plant development and defense 
pathways (Brenner et al. 2006) and are thus obvious 
targets for genetic modification. Several studies 
have characterized post-anthesis changes in 
hormone concentration in wheat grains, but there 
is little information on the physiological roles of 
these changes in hormone content. Post-anthesis 
application of ABA and ethylene biosynthesis 
inhibitors directly to developing grains showed 
that an increased ratio of ABA to ethylene increased 
grain-filling rate (Yang et al. 2006). Excessive 
ethylene production can result in wheat grain 
abortion under high temperature stress (Hays et 
al. 2007). The impact of kernel accumulation of 
ABA in cereals is still poorly understood. Our 
expectation is that understanding the importance of 
chemical signals in reproductive development and 
pinpointing the underlying genetic basis of grain 
set/abortion in wheat will permit the development 
of genotypes with a less conservative strategy, 
better adapted to modern agronomy.

Objectives

SP2.3.1: Determine changes in meristem/spikelet 
hormone (ABA, ACC, cytokinins, auxin) 
composition in wheat at key pre-anthesis stages 
of plant development and relate these changes to 
reproductive development 

SP2.3.2: Determine changes in meristem/
spikelet and leaf hormone composition in 
wheat in response to mild soil water deficits, 
nutrient treatments and changes in the 
photoenvironment, applied at key pre-anthesis 
stages of plant development 
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SP2.3.3: Definition of G × E interactions in hormone 
balance that regulate spike fertility index and 
grain filling

SP2.3.4: Determine the extent to which these 
changes are dependent on plant water relations, 
and/or leaf carbohydrate supply to the 
developing spike

SP2.3.5: Screen a wide variety of germplasm under 
controlled soil water deficits for hormonal traits 
associated with less conservative spike fertility

Research activities requiring funding   

Of our five major objectives in this sub-program, 
preliminary work has been performed towards 
objectives SP2.3.1 and SP2.3.2 and will be continued 
in the funded studentship to be started in 2011. 
This has involved the refinement of protocols 
for hormone analysis and further analysis of the 
regulation of various aspects of physiology and 
development by the ethylene/ABA ratio. There 
is still a considerable amount of extra work to 
be undertaken towards these two objectives and 
funding is still required to allow us to fulfill the 
other objectives.

Expected outcomes / impacts

• Generate data sets for variation in leaf, meristem 
and grain hormone concentrations and grain 
growth in response to environmental challenge 
at four stages of reproductive development 

• Define the G × E interaction in hormone balance 
and relate to spikelet fertility and grain yield

• Define the influence of nutrient status and 
photoenvironment on hormone balance

• Define the influence of flag leaf carbohydrate 
supply on grain hormone concentrations and 
grain growth

• Determine genetic variation in meristem and 
grain hormone concentrations and grain growth 
at a single reproductive stage of development

SP 2.4: Improving grain filling and potential 

grain size

Background  

Raising grain weight potential is based on the 
hypothesis that grain weight is set before anthesis 
by the ovaries of flowers and that the pericarp 
(maternal tissue) regulates the potential volume 
of grains (Calderini and Reynolds 2000; Ugarte et 

al. 2007). This hypothesis, supported by previous 
experiments, implies that the overlapping between 
grain number and grain weight determination 
is higher than generally recognized (Ugarte 
et al. 2007). This knowledge will facilitate the 
understanding of the trade-off between grain 
number and grain weight and will easily integrate 
with SP2.4, SP2.1 and SP2.3. Additionally, the 
achievement of higher final grain weight is often 
challenged by environmental constraints during 
grain filling at high temperatures. The hypothesis 
mentioned above, as well as physiological and 
molecular knowledge developed by the French 
partners, will be integrated to improve the 
understanding of grain growth under unfavorable 
environmental conditions. The complementary 
expertise of the different partners will allow 
exploring the hypothesis to develop a framework of 
grain growth to improve potential and actual grain 
weight in wheat breeding programs. Therefore, 
SP2.4 has the following objectives:

Objectives

SP2.4.1: Identify the physiological and genetic 
determinants of potential grain weight and size, 
including the relation with grain filling rate and 
duration

SP2.4.2: Identify traits and physiological 
mechanisms associated with the environmental 
stability of grain weight and size

SP2.4.3: Quantify trade-offs between grain 
number and size and identify the signaling and 
regulation pathways explaining the negative 
relation with grain number

Research activities requiring funding

The proposed objectives will improve the 
understanding of grain growth and facilitate 
the increase of grain yield by combining 
developmental, physiological, histological and 
molecular studies with genetic analysis. Five work 
packages (WP) were defined: (1) Genetic variability 
analysis, (2) Developmental and physiological 
analysis, (3) Genetic analysis, (4) Transcriptome 
analysis, and (5) Signaling and regulation network 
analysis. None of these packages have been fully 
funded, particularly so with genetic, transcriptome 
and signaling studies. Funding requests have been 
submitted for WP 4, within the Breed Wheat French 
Research Project, which would assist with funding 
a Mexican PhD student. 
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Expected outcomes / impacts

1. Determination of the physiological basis of 
potential grain weight and size

2. High throughput screening methodology for 
increasing grain size

3. Identification of QTL which can be used to 
develop markers for breeders to increase potential 
grain size and weight and its environmental 
(temperature) stability

4. Genes which can be manipulated to develop new 
cultivars with higher potential grain size and 
higher yield stability

5. Strategies (ideotypes) for breaking the tradeoffs 
between grain size and grain number

6. Survey allelic variability of those candidate genes 
in a selected core collection maximizing variation 
for potential grain size and estimate of allelic 
effects (link with SP3.2).

7. Propose agronomic strategies to optimize grain 
weight and its stability considering CIMMYT’s 
target population of environments (link with 
other Theme 2 sub-projects).

SP2.5: Identifying traits and developing genetic 

sources for lodging resistance

Background 

Lodging is a persistent phenomenon in wheat 
which reduces yield by up to 80% as well as 
reducing grain quality (Berry et al. 2004). Therefore, 
any comprehensive strategy to improve wheat 
yield potential should include lodging resistance. 
A validated model of the lodging process has 
identified the plant characters that determine stem 
and root lodging risk of wheat (Berry et al. 2003). 
This model of lodging has been used to specify the 
optimum combination of traits required to avoid 
lodging (a lodging-proof ideotype) within a U.K. 
environment (Berry et al. 2007). This work showed 
that the target traits were generally not available 
within elite germplasm. The optimum combination 
of traits to avoid lodging is not known for other 
environments where different wind and rainfall 
conditions will have a large effect on lodging risk. 
Berry et al. (2007) also showed that significant 
quantities of DM must be invested in the stem to 
achieve sufficient strength and this may compete 
with the determination of grain yield. Furthermore, 
crop height has a major impact on the structural 
DM requirements for lodging resistance with each 
additional centimeter in height increasing the stem 

DM required by 0.23 t/ha. However, scope for 
minimizing height may be limited because several 
studies have observed a minimum height that is 
compatible with high yield (e.g. Flintham et al. 
1997; Richards 1992). 

Objectives

SP2.5.1: Identify sets of traits for different wheat 
growing environments that will maximize 
lodging resistance for the least investment in 
structural DM

SP2.5.2: Test the effects of the optimum trait sets 
on lodging risk and structural DM within 
different wheat growing environments

SP2.5.3: Understand the genetic basis of the key 
lodging traits and develop genetic markers and 
phenotypic screens that will enable breeders to 
rapidly select these traits

SP2.5.4: Assess whether the target traits exist 
within breeders’ germplasm and if necessary 
identify novel germplasm with the target traits 
that could be used in wide crosses

Research activities requiring funding  

The Lodging Sub-Project (SP2.5) is closely linked 
with the Modeling Sub-Project (SP2.6). In order to 
maintain a clear distinction between the two work 
packages all modeling work is dealt within SP2.6. 

SP2.5.1: Identify sets of traits to maximize lodging 
resistance for the least investment in structural 
DM

 - Minimum height compatible with high 
yield

 - Quantify the impact of lodging on yield loss
SP2.6.4: Quantify sets of lodging traits required to 

achieve a lodging-proof ideotype for different 
wheat growing environments. A work package 
in the Modeling Sub-Project (SP2.6) will use 
information generated in SP2.5.1 to quantify 
sets of traits required to achieve lodging 
proofness in different environments for the 
least investment in biomass. 

SP2.5.2: Test the optimum trait sets; spring wheat 
varieties from the CIMCOG variety panel and 
winter wheat varieties known to contrast for 
lodging characteristics will be used to test the 
optimum trait sets. 

SP2.5.3: Understand the genetic basis and develop 
genetic markers for the lodging traits
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SP2.5.4: Assess whether target traits exist in 
breeders’ germplasm and if necessary identify 
novel germplasm.

Identify sources of genetic variation for the key 
lodging traits

Develop sources of genetic variation for key lodging 
traits

Expected outcomes / impacts

8. Specify the optimum trait sets required 
for lodging-proofness within major wheat 
agroecosystems. 

9. Quantify the minimum height compatible with 
high yield

10. Quantify the impact of lodging on yield loss in 
different environments

11. Validate the optimum trait sets required for 
lodging-proofness within different environments

12. Understand the genetic basis of the lodging traits
13. Identify genetic markers to enable plant breeders 

to rapidly select traits for lodging resistance
14. Identify germplasm (novel if necessary) with 

the target lodging traits and begin the process of 
incorporating this material into elite germplasm.

SP2.6 Optimizing synergies and tradeoffs 

between traits

Background  

Photosynthesis, phenology and partitioning of 
wheat interact to determine final crop performance. 
Genetic adaptation of each process, particularly 
when undertaken concurrently, as is planned here, 
will benefit from estimation of likely interactions 
and interdependencies between processes. Using a 
simple conceptual framework, initial estimates can 
be made of the complementarity and consequences 
for grain yield of the genetic targets being set 
in Themes 1 and 2. These can then be updated 
according to the findings in each of the sub-projects. 
Through U.K.–Australian collaboration, a Crop 
Design Tool (CDT) has been developed to support 
expansion of wheat cropping into the High Rainfall 
Zone (HRZ) of southern Australia (Riffkin and 
Sylvester-Bradley 2008; Sylvester-Bradley and 
Riffkin 2008). The CDT uses conventional simulation 
modeling routines for crop growth, but it also 
addresses damage due to abiotic stresses (frost, heat, 
drought and lodging) and it varies key heritable 
traits through the range observed in Triticum 
aestivum, especially phenology and partitioning, 

to reveal the inter-trait trade-offs in terms of final 
yield.  Outputs of the CDT are optimized ideotypes 
for specific environments defined in terms of 
quantitative heritable traits. The CDT is intended for 
interactive use by field experimenters and breeders 
to inform their hypotheses and to integrate their 
findings. The CDT approach is equally applicable 
to any wheat-growing environment, whether 
differing by location or through climate change. The 
CDT’s algorithms are intentionally simple, to allow 
straightforward explanation; the CDT is likely to 
complement the more sophisticated approaches to 
genetic improvement e.g. by Hammer et al. (2005, 
2006) and Chapman (2008). Hence this sub-project 
aims to make some further modifications to the 
Lodging Model of Berry et al. (2003) and the CDT 
so that they can be used more widely to support 
an ideotype design process. It will then estimate 
optimum wheat ideotypes for target wheat-growing 
environments.  

Of the five specific objectives for this sub-project, 
current funding is addressing most of Specific 
Objective No. 4 (however current funds will only 
address Mexican conditions) with associated 
milestones and deliverables.  

Research activities requiring funding 

• Develop tools for optimization: Upgrade the 
Lodging Model to address spring wheats (with 
awned ears) and update the CDT to address 
root anchorage, leaf sheaths, damage due to 
waterlogging, canopy senescence, and yield-loss 
due to lodging.  

• Define growing conditions and constraints in 
the five meta-environments, taking into account 
predicted climate change, especially reduced risks 
of frost damage.

• Estimate potential DM for each meta-environment, 
validate against data from local variety trials, and 
estimate changes after successful outcomes of 
Theme 1.

• Optimize lodging resistance: Explore for Mexican 
conditions, tradeoffs between investment in root 
and stem growth, hence specify optimum DM 
partitioning between anchorage roots and stems 
(working closely with SP2.5). 

• Optimize partitioning: For each meta-environment 
estimate optimum wheat phenology and 
requirements for support DM, hence HI, for 
optimum grain yield, as affected by any abiotic 
damage, particularly from lodging.
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Expected outcomes / impacts

1. An upgraded Lodging Model and CDT 
2. Definition of growing conditions and constraints 

in the five meta-environments, taking into 
account predicted climate change

3. An estimation and validation of potential DM 
growth

4. Determination of tradeoffs between root, stem 
and other traits to optimize lodging resistance

5. Estimates of optimum phenology, requirements 
for support DM, grain yield and yield stability of 
ideotypes for each region under consideration
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Background

The need to accelerate genetic progress in the yield 
potential of crops is widely acknowledged (Royal 
Society 2009). Increased demand for food, the 
multiple challenges associated with climate change, 
and declining crop productivity due to attrition 
of natural resources are all reasons for concern. 
To date, genetic progress in yield per se has been 
achieved mainly through the innovative use of 
both germplasm and crossing strategies followed 
by empirical selection for grain yield at multiple 
locations (Braun et al. 2010). The future challenge 
to increase genetic gains could take a number of 
directions. For example, given the advances that 
have been made in molecular marker technology, 
genome wide marker-trait association has become 
feasible as an empirical selection tool for complex 
traits like yield (Bernardo and Yu 2007). It could 
complement (and potentially replace) marker-
assisted selection platforms that function well for 
genes of relatively large effect –typically associated 

Theme 3: Breeding to Accumulate Yield Potential Traits in Wheat

Matthew Reynolds1, David Bonnett1, Ian King2, Simon Griffiths3, Yann Manes1

1CIMMYT Mexico, 2Nottingham University UK, 3John Innes Centre UK.

with resistance to biotic stresses (Bonnett et al. 
2005).  On the other hand, advances in genome 
sequencing offer opportunities to identify 
potentially new sources of allelic variation for the 
purpose of widening the gene pool available for 
hybridization (Kaur et al. 2008). The strength of the 
current project is that genomic approaches will be 
developed in conjunction with hybridization and 
selection strategies that are based on a physiological 
understanding (Fig. 1). This understanding points 
to the need to simultaneously improve three groups 
of physiological traits (PTs), namely (i) those 
associated with radiation use efficiency (RUE), (ii) 
the optimized partitioning of assimilates to yield, 
and (iii) lodging resistance, in order that genetic 
gains are realized as agronomic impacts across 
a wide range of wheat growing environments. 
Therefore, the wheat yield consortium (WYC) is 
structured so that outputs of research from Themes 
1 and 2 on Photosynthesis and Partitioning to grain 
yield, respectively, will be channeled directly into 
the breeding effort of Theme 3.  

Figure 1.  A conceptual platform for designing crosses that combine complementary 

yield potential traits in wheat (based on traits reviewed in Reynolds et al. 2009b). Traits 

are categorized as either net sources or sinks of photo-assimilates and their predominant 

expression is considered either before or during grain-filling, and in some cases both*. 

Genes of major affect known to be implicated are mentioned parenthetically.

RUE = Radiation use efficiency; N = nitrogen.

 SINKS (pre-grainfill):

• Optimize phenological pattern (Ppd, Vrn)
• Increase partitioning to developing spike
• Reduce floret abortion
• Increase seed weight potential
• Lodging resistance traits
• Abort weak tillers

SOURCE (pre-grainfill):

• Light interception
• RUE*

• Rubisco efficiency
• Rubisco regulation
• CO2 concentrating mechanisms

SINK-(grain-filling)

• Partitioning to grain growth (Rht)
• Adequate roots for nutrient and 

water uptake*

SOURCE (grain-filling):

• Canopy photosynthesis
• light distribution
• spike photosynthesis
• N distribution/partitioning
• chlorophyll retention

• Other RUE traits (as above*)

Gap Analysis of Unfunded Activities
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Research activities (unfunded) 

SP3-1 Trait based breeding

Trait selection is the cornerstone of modern plant 
breeding and has made continual progress through 
incorporating the following types of traits: simply 
inherited agronomic characteristics like height and 
flowering time, resistance to a spectrum of prevalent 
diseases, quality parameters determined by end use, 
and yield based on multi-location trials (Braun et 
al. 2010). To accelerate genetic gains in yield in the 
future, complex PTs must now be incorporated as 
additional criteria. The main objective of Theme 3 is 
to combine PTs deterministically whereby progeny 
will encompass both strategic traits that improve 
RUE with those alleles necessary to maximize 
agronomic impact at the system level –including 
PTs associated with harvest index (HI) and lodging 
resistance– into elite agronomic backgrounds (i.e. 
disease resistant, appropriate quality parameters, 
etc). Physiological trait-based breeding approaches 
have been implemented successfully in Australia 
as well as by CIMMYT, leading to international 
distribution of a new generation of elite drought 
adapted lines (Reynolds et al. 2009a). These 
principles will be adapted to a conceptual platform 
for designing crosses that combine PTs for yield 
potential (Fig. 1) whose progeny will be selected 
using a combination of visual criteria, precision 
phenotyping, and molecular marker-assisted 
approaches. 

Spring by Winter crosses (Sp3-1)

To increase yield potential, breeders will have to 
use more systematic sources of yield potential. 
Some gene pools express very high yields and 
have not been used much at CIMMYT: especially 
winter wheats from Western Europe and China. In 
the past, spring × winter crosses made at CIMMYT 
have generated spring wheat lines that generated a 
quantum yield leap at their time and became mega-
cultivars: Veery and Attila. That approach was also 
very successful in increasing yields of winter wheat. 
However, it has not been maintained as a systematic 
breeding effort at CIMMYT. In order to be given 
the right focus and be successful, such a breeding 
effort needs to be conducted beside the main 
CIMMYT spring wheat program relying on crosses 
between elite spring wheats. Selection of the winter 
wheat parents will be made mainly from official 
release data and knowledge acquired from the local 
breeders. Physiological data, once obtained, will 

help to design more accurately the crosses, going 
towards less crosses and larger population size per 
cross. Perfect markers for height and earliness genes 
will be used to screen the winter and spring parents 
to adapt population sizes to the segregation expected 
from major phenology and plant architecture genes. 
The breeding strategy will considerably increase 
genetic diversity in our high yielding germplasm. 
High yielding lines derived from spring × winter 
crosses may also generate a high level of heterosis 
in hybrid wheat combinations. The various winter 
wheat pools may give the foundations for the 
creation of various heterotic spring wheat pools. 

SP3-3 Increasing rates of genetic gain using 

molecular markers – genomic selection

Whole genome selection will also be evaluated in 
this context –given its utility in animal breeding 
and in maize breeding (Bernardo and Yu 2007)– 
since it provides a potentially powerful mechanism 
for accumulating yield alleles much faster than 
conventional selection does. It is a new breeding 
approach adapted to quantitative traits such as 
yield controlled by many genes of small effects. 
Traditional marker-assisted approaches relying 
on QTL detection for yield are unlikely to succeed 
because QTLs explain only a small proportion of the 
total genetic variance. On the contrary, in genomic 
selection, all genetic variance can be tracked by the 
marker panel, because the marker does not need to 
exceed a significance threshold to be considered by 
the prediction model. All marker information is used 
simultaneously to predict phenotypic performance. 

Implementation of genomic selection relies on the 
genotyping and phenotyping of a large reference 
population. Genetic Estimated Breeding Values 
(GEBV) are calculated on the basis of marker 
information. Correlation between the GEBV and 
the observed phenotypic values are calculated by 
a cross-validation approach where 10 to 20% of 
lines are removed from the reference set and their 
GEBV calculated from the model developed from 
the remaining 80 to 90% lines. We have recently 
obtained high correlations from CIMMYT elite 
panels. If good prediction is obtained, individual 
plants of segregating populations can be selected 
purely on the basis of genetic information and 
immediately intercrossed, without having to wait for 
phenotypic evaluation. This rapid cycling approach 
needs to be tested and evaluated versus conventional 
selection. So far, it has not been done in wheat. 
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Candidate lines to international screening nurseries 
will be genotyped every year routinely. Reference 
data sets will be two kinds: 1. Candidate lines and 
CIMMYT internal data (~1000 lines each year) 2. 
CIMMYT international yield trials and data. The 
former will be made from two years balanced 
yield data from optimal yield environments, from 
the most recent elite germplasm, however, only 
from one location. The latter will be made from 
international multi-location data from CIMMYT 
clients, but unbalanced and with important G × 
E that could affect the prediction. These sets will 
be used for rapid cycling implementation, only if 
they give satisfactory predictions of phenotypic 
performance. On 20 to 30 crosses, we will select 
F2 plants from their GEBV and intercross the best 
genotypes. This sequence of genotypic selection and 
intercrossing will be repeated at least once, possibly 
twice. The improved populations will go back to 
the field for three cycles of selfing, and advanced 
lines will be yield tested. They will be compared to 
advanced lines derived from conventional selection 
made on the same crosses. Genetic gains per time 
for grain yield will be compared for genomic and 
conventional field selection.

Genomic selection will be complementary of other 
breeding approaches developed in the consortium. 
Once proven to increase breeding efficiency in our 
current spring wheat program, it will be applicable 
to the new germplasm generated from trait-
based breeding, spring × winter and wide crosses, 
allowing selection and rapid accumulation of yield 
potential genes as early as F2 in the breeding cycle, 
otherwise hardly feasible. 

Hybrid breeding (Sp3-1)

There is currently a considerable level of interest 
in the private sector in the development of 
hybrid wheat. There is a general view that 
current technologies overcome many of the 
previous limitations to development of superior 
wheat hybrids. Development of many of these 
technologies, to a stage where they are ready for 
commercial use, will require substantial levels 
of investment. Because of the high cost and 
commercial risk, a consortium of private companies 
and a select number of public entities including 
CIMMYT have formed a public–private consortium 
to develop and make available a genetically 
modified (GM) based hybrid wheat breeding 
system that will provide a high level of hybrid 

purity combined with economically viable seed 
production costs (Braun, personal comm.). CIMMYT 
is uniquely positioned in research into hybrid wheat 
both because of the areas it is targeting, which are 
mainly spring wheat growing areas in developing 
economies, and because of its unique and diverse 
germplasm base. CIMMYT spring wheat germplasm 
offers unparalleled potential as parents in hybrid 
wheat breeding because it is high yielding and 
widely adapted but also captures considerable 
genetic diversity. This combination of good yield 
and adaptation offers the best chance of identifying 
good levels of heterosis in crosses between high 
performing lines and therefore the greatest chance 
of identifying hybrids that are markedly superior 
to conventional varieties. Development of F1 hybrid 
cultivars will also be explored as an approach to 
rapidly combine complementary traits. The design of 
PT based crosses (whether for hybrid or inbred lines) 
will evolve as new genetic stocks and understanding 
of PT interactions becomes available through 
research. 

Sp3-2 Increasing RUE of wheat through wide crossing

Given the ambitious nature of this project, the 
primary wheat gene pool (i.e. Triticum aestivum) may 
need to be complemented with traits from more 
exotic sources in cases where conventional ones 
lack adequate diversity. In fact, inter-specifc and 
inter-generic crosses within the Triticeae are already 
routine procedures in wheat breeding (Trethowan 
and Mujeeb-Kazi, 2008). In addition to the many 
photosynthetic traits, these might include sources 
of spike fertility and lodging resistance, traits for 
which sources are already known. Nonetheless, 
sources of other ‘yield improving’ traits may have 
to be identified as the limitations of current levels of 
expression in conventional gene-pools are defined 
by research in Themes 1 and 2. 

Both wheat/alien introgression for introducing exotic 
chromatin and whole genome fusion (to create 
synthetic polyploids) from wide crosses have had 
major agronomic impacts throughout the world 
(Trethowan and Mujeeb-Kazi 2008). Whole genome 
fusion has even been used to create a totally new 
species, triticale (× Triticosecale Wittmack), a wheat 
× rye amphidiploid, which is cultivated on 3.6m 
ha worldwide and has yields comparable with 
the best wheat cultivars, good yield stability, and 
often produces exceptional biomass (Ammar et al. 
2004). Likewise, derivatives of synthetic wheats 
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are beginning to be released as varieties and it is 
clear from international nursery data (http://apps.
cimmyt.org/wpgd/index.htm) and experimental 
populations (Bonnettt unpub.) that genes for 
increased yield are present in primary synthetic 
wheats. However, while they are present in an 
accessible form they remain relatively untapped 
and require investment in population development, 
phenotyping and genotyping to identify and 
exploit these novel yield-positive genes. While the 
introduction of genes from outside of the Triticeae 
tribe is not a routine procedure in wheat breeding, 
chromatin from C4 species (maize; Zea mays L. and 
Tripsacum dactyloides) has been introduced into 
wheat but so far not proven to be stably integrated 
and transmitted. Greater success has been achieved 
in oat (Avena sativa L.) with the production of a 
complete set of disomic additions of each of the 
maize chromosomes (Kynast et al. 2001). Expression 
of C4 photosynthetic enzymes in some of these oat–
maize chromosome addition lines has been reported 
(Knowles et al. 2008). These precedents and the 
availability of advanced molecular techniques 
allowing earlier, higher throughput screening and 
identification of putative introgressions, suggest 
that with appropriate investment, wide crossing 
may be able to introduce all of the chromatin 
into wheat required for full expression of C4 
photosynthesis, although this would clearly require 
considerable effort.

SP3-4 Evaluation and delivery of new germplasm 

The impact of research and breeding will depend 
on effective delivery of products. CIMMYT –the 
coordinating institute of the WYC– has for over 45 
years coordinated an international wheat breeding 
effort and through its international nursery system 
delivers approximately 1,000 new genotypes per 
year, targeted to the varying needs of national 
wheat programs in less developed countries (Braun 
et al. 2010). Impacts at the farm level are well 
documented (Lipton and Longhurst 1989; Evenson 

and Gollin 2003). These approaches will be applied 
and modified as necessary to ensure that new high 
yielding cultivars are delivered to farmers via 
their national programs in as short a timeframe as 
possible.

Key Deliverables

• Conceptual models of physiologhical traits (PTs) 
targeted to major wheat agro-ecosystems.

• Products of inter-specific hybridization 
expressing superior RUE and other PTs available 
for crossing with wheat.

• Whole genome selection methodology developed 
to increase, by two fold, genetic gains per time 
for grain yield. 

• A new generation of wheat genotypes that 
encompass a range of PTs made available to 
breeders worldwide through international 
nurseries.
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Sub-project Coordination: The Mexican Phenotyping Platform (MEXPLAT)

Matthew Reynolds1, Cándido López Castañeda2, Gemma Molero1, Mateo Vargas3 
1CIMMYT Mexico, 2COLPOS Mexico, 3Chapingo University Mexico.

Background

In October 2010, the Mexican research and breeding 
platform (MEXPLAT) was established at the 
CENEB-INIFAP experimental station with the 
objective of accelerating genetic progress in the 
yield potential of wheat. Conditions at MEXPLAT 
represent the environments of a number of high 
yielding wheat agro-ecosystems worldwide. This 
has been confirmed through analysis of yield 
performance of thousands of advanced breeding 
lines tested at hundreds of locations worldwide 
over several decades (Braun et al. 2010). The 
station is located at the center of a high yield 
wheat agro-ecosystem in Sonora’s Yaqui Valley 
which produces well over 1 million tons of wheat 
annually, with farm yields recently averaging 6.4 t/
ha and maximum yields sometimes exceeding 10 t/
ha (Sayre et al. 1997). 
 
Objectives

The MEXPLAT has five main elements:
1. Experimental field facilities for establishment 

and management of wheat trials
2. Germplasm – provision of common germplasm 

panels:
 a) Genetically diverse advanced lines
 b) Landmark wheat ideotypes
 c) Exotic-derived advanced lines that 
  incorporate alien chromatin
 d) Mapping populations that are controlled 
  for agronomic traits (e.g. Pinto et al. 2010)
3. CIMMYT laboratory facilities at CENEB 

have been made available for calibration 
of phenotyping apparatus and processing 
experimental samples. Equipment for measuring 
photosynthesis, respiration and related 
traits were recently purchased, including 
a LI-6400XT portable photosynthesis and 
fluorescence system, an oxygen electrode, 
a spectral radiometer, and thermal infrared 
camera. Other equipment has been made 
available by the CIMMYT Wheat Physiology 
laboratory including apparatus for measuring 
light interception, spectral reflectance, canopy 
temperature, leaf pigments, grinders, and 
binocular microscopes.

4. Human capital; as well as hosting Mexican, 
CIMMYT, and international visiting scientists, 
four new technicians (B.Sc. level) have been 
recruited to work at the MEXPLAT on the 
WYC-MasAgro initiative.

5. A forum for national and international 
workshops relating to WYC-MasAgro activities 
and planning (see program of current meeting).

 
Research activities for 2011 and 2012

Field activities

The CIMMYT Mexico Core Germplasm Panel 
(CIMCOG) was developed and sown at the 
MEXPLAT in early December 2010. The panel 
represents a full range of genetic diversity in elite 
backgrounds and provides a common research 
platform available to all sub-projects. The CIMCOG 
was sown under two types of planting systems –
continual sowing on the flat in rows versus sowing 
on beds with paired rows, which are common 
worldwide– so that interactions of trait expression 
with cropping system can be identified. Examples 
of work being carried out with CIMCOG include:
• Studies comparing different light interception 

strategies
• Analysis of canopy photosynthesis
• Spike photosynthesis and respiration 

measurement
• Leaf pigment composition at anthesis from flag 

leaf to L4
• Comparison of stomatal aperture traits
• Measurements of partitioning and harvest index
• Analysis of developmental pattern to maximize 

spike fertility
• Understanding of grain filling and potential 

grain size
• Identifying traits for lodging resistance

With increased information and funding, 
MEXPLAT will be used for the following:
• Trait and marker-based breeding
• Genomic selection to increase breeding 

efficiency
• Wide crossing to enhance photosynthetic 

capacity
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Involvement of Mexican institutions:
• Five M.Sc. level Mexican scientists have been 

recruited as consultants at MEXPLAT (and 
as preliminary PhD candidates). One is fully 
funded by WYC-MasAgro and Nottingham 
University and another applied for a Beachell-
Borlaug International Scholarship. The others 
will apply to CONACYT for international 
scholarships in April. 

• Additional candidates will be recruited to apply 
for the CONACYT scholarship call in July to 
work on other WYC-MasAgro issues.  

• Prof. Cándido López Castañeda (COLPOS) took 
study leave to support and conduct research 
within the MEXPLAT.

• Prof. Mateo Vargas from Chapingo University 
will serve as statistical consultant for the 
MEXPLAT.

Expected outcomes / impacts

The advantages of focusing research in this 
manner are:
• By collecting data on common environmental 

and germplasm platforms, cross-referencing is 
easy and resources are used more efficiently.

• Results will be representative of major wheat 
production environments.

• Research and breeding will be conducted side 
by side, encouraging maximum accountability 
of both.
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Background

Global wheat production needs to double by 2050 
to cope with burgeoning demand for cereal grain. 
To achieve this production in the face of declining 
arable land area and increased fertiliser cost, a 
quantum advance in yield potential, much higher 
than that achievable by current plant breeding 
methods, is required (see Reynolds et al. 2011). 
Advances in wheat yield potential since the Green 
Revolution have largely been driven by increases 
in harvest index and grain number (see Leegood 
et al. 2010; Parry et al. 2011). It is now becoming 
apparent that to achieve a large increase in yield, 
anthesis biomass and photosynthetic provision of 
carbon to the filling grain must be improved (Parry 
et al. 2011). These characters have not been directly 
exploited thus far in wheat breeding. Theme 1 
seeks to exploit both transgenic and non-transgenic 
approaches to improving photosynthesis and yield. 
This project aims to identify wheat germplasm with 
superior photosynthetic efficiency (expressed as 
superior radiation use efficiency at the leaf level), 
superior photosynthetic capacity (expressed as 
more photosynthetic machinery per unit leaf area 
at a given nitrogen nutrition), and hence, higher 
anthesis biomass and yield potential. This forward 
genetic screen will be achieved using a suite of 
Phenomics techniques developed in Canberra and 
applied across the partner laboratories in Australia, 
Mexico, the U.K. and the U.S.A., and will be 
coupled with modeling of photosynthetic response. 
It is envisaged that wheat genotypes with superior 
Rubisco kinetic properties and better nitrogen use 
efficiency will be identified with this screen, in 
addition to other unknown mechanisms which may 
underpin enhanced photosynthetic traits. Subsets of 
promising genotypes identified will be analysed in 
depth using a combination of low throughput, high-
resolution measurements of leaf-level physiology 
and biochemistry.

Objectives

SP1.1.1: Identification of wheat germplasm 
with variation in photosynthetic capacity 
and efficiency under optimal and heat stress 
conditions.

SP1.1.2: Elucidation of mechanisms underlying 
improved photosynthesis in candidate lines. 

SP1.1.3: Validation of increased photosynthetic 
performance and yield potential in the field.

Research activities for 2011 and 2012

Two major areas of research will be addressed in 
2011-12:
• Identification and bulking of candidate 

germplasm likely to vary in photosynthetic 
performance based on geographical/
environmental origins and known traits (CSIRO/ 
CIMMYT); and

• Development and validation of high throughput 
screening systems in controlled environments 
and the field for variation of maximum 
photosynthetic capacity (Pmax) and efficiency (Peff), 
based on leaf gas exchange (high throughput 
determination of the initial slope of A vs Ci), 
chlorophyll fluorescence (assays of Pmax as 
electron transport rate at super saturating CO2), 
depression of canopy temperature (as a high 
throughput surrogate for leaf conductance and 
photosynthetic rate), protein and chlorophyll 
content combined with mechanistic modelling of 
photosynthesis (CSIRO/ANU). 

Key techniques under validation in this project for 
the high throughput screen are based on chlorophyll 
fluorescence, gas exchange, infrared thermography 
and depression of canopy temperature combined 
with leaf reflectance, digital biomass estimation and 
destructive leaf carbon isotope discrimination and 
N determinations. For low throughput mechanistic 
analysis, on-line carbon isotope discrimination 

SP1.1: Phenotypic Selection for Photosynthetic Capacity and Efficiency
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and Rubisco assays will be utilised and to identify 
the genetic basis for the variation for use in 
marker assisted selection (MAS) and breeding, re-
sequencing of key candidate genes will be exploited. 
Techniques will be developed in the controlled 
environment facilities at the High Resolution 
Plant Phenomics Centre (HRPPC) in Canberra 
and deployed in the field at all collaborating sites, 
utilising high yielding germplasm sets available 
from each of the partner organisations.

Thus far, these techniques have been tested in 
Canberra on wheat, triticale and rye, as examples 
of genetic material varying in growth, biomass 
at anthesis and yield. Currently, a suite of wheat 
germplasm known to vary in vigour, transpiration 
efficiency and leaf N are under investigation. To 
date, this work in Canberra has received no external 
funding but has been an in-kind contribution 
to the sub-project. In Mexico, the Mexico Core 
Germplasm set has been grown at Obregon and the 
measurements described above will be made at key 
phenological stages using Wheat Yield Consortium 
(WYC) resources.  It is envisaged that a Mexican 
student will be located in Canberra to carry out 

research activities under the currently available 
funding arrangements. Further funding will allow 
the activity to involve the other multinational 
partners, expand the germplasm base and permit 
the work to extend into the mechanistic and gene 
discovery phase from the forward genetic screen.

Expected outcomes / impacts

Data and promising lines from this project will feed 
into the canopy modeling approaches in SP1.3, into 
partitioning projects in Theme 2 and into breeding 
and MAS projects in Theme 3. Outputs of a fully 
funded project will be germplasm for immediate 
crossing with improved photosynthetic characters, 
a mechanistic understanding of the basis for the 
improvements, genes underpinning the traits 
and validation of the positive effects of improved 
photosynthesis on yield potential in the field. 
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Background

Reproductive structures in grasses are 
photosynthetic, an adaptation to the fact that 
they intercept a significant amount of radiation, 
and probably to safeguard seed filling. In a dense 
wheat canopy almost half of the incident radiation 
may be intercepted by spikes depending on spike 
architecture. Furthermore, it has been shown that 
spike photosynthesis can contribute substantially 
to grain filling (Tambussi et al. 2007) and the ear is 
the last structure to lose its photosynthetic capacity, 
suggesting a role in “finishing” the crop. However, 
to date, the contribution of spike photosynthesis 
to grain filling and its genetic diversity is not 
clear and there has been no systematic attempt to 
improve these traits, despite preliminary evidence 
for genetic variation in wheat (Abbad et al. 2004). 
That given, any strategy to improve radiation use 
efficiency (RUE) of wheat should also consider 
genetic modification of spike photosynthesis 
since it is expected to be genetically additive with 
improved leaf photosynthesis. However, a number 
of basic questions need to be answered before 
genetic improvement becomes feasible. 

The main bottleneck to improving spike 
photosynthesis in crops is that the photosynthetic 
contribution of the ear to grain filling is not easy to 
measure. For example, gas exchange measurement 
to establish CO2 fixation rate can be confounded 
by the spike’s ability to recycle respiratory carbon, 
complicating measurement, while the spike 
geometry further complicates standardization of 
units. The other challenge, which is not unique 
to spike photosynthesis, relates to the feasibility 
of recording integrated values of photosynthesis 
over representative periods of the crop cycle while 
at the same time encompassing the ‘canopy’ of 
spikes. New Phenomics technologies, such as high 
throughput chlorophyll fluorescence imaging and 
high resolution hyperspectral imaging, present 
unique opportunities to rapidly screen germplasm 
for high spike photosynthesis. In addition, online 
labeling with stable C isotopes may provide a 

deeper knowledge of the direct contribution of 
the ear and the leaves to the filling grains as well 
as to decipher the photosynthetic metabolism of 
the ear. These traits will be compared with and 
hopefully complement integrative approaches that 
use shade treatments to eliminate the contribution 
of spike photosynthesis throughout the growth 
cycle. The latter techniques have been validated in 
Mexico for identifying significant genetic effects 
for integrated contribution over time of spike 
photosynthesis to grain filling. These tools can also 
be extremely valuable in gene discovery so that 
phenotypic screening of spike photosynthesis can 
be complemented by molecular marker assisted 
selection (MAS). 

Objectives

SP1.2.1: Identification of wheat germplasm with 
genetic variation in sub-project (SP): (i) of 
individual spikes, (ii) spike canopies, and (iii) in 
terms of spike photosynthesis as a proportion of 
total carbon fixed.

SP1.2.2: Development of screening tools and 
molecular markers for spike photosynthesis.

Research activities for 2011 and 2012

Identification of wheat germplasm with genetic 
variation in spike photosynthesis

The first priority will be to establish a range of 
genetic variation for spike photosynthesis, focusing 
on elite cultivars that (i) represent historical genetic 
gains, and (ii) show contrasting spike architecture. 
Spike photosynthesis will be measured directly 
using gas exchange, indirectly with shading 
treatments and using pulse-labeling of spikes 
(i.e. with CO2 enriched with 13CO2 injected into 
a labeling chamber) followed by analysis of the 
isotopic composition of the carbon (δ13C) in mature 
grains by means of mass spectrometry. 

Data measured on individual spikes can up-
scaled by considering spike density so that genetic 
differences in spike photosynthesis at the canopy 

SP1.2: Phenotypic Selection for Ear Photosynthesis
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level can be estimated (i.e. spike photosynthesis 
m-2). While empirical approaches are tested using 
available genetic diversity, modeling approaches 
(e.g. Zhu et al. 2010) that consider the response 
of both leaf and spike photosynthesis to light 
intensity can also help to establish thresholds 
of efficient light distribution within the whole 
canopy including spikes. An example of a simple 
question that could be answered by modeling 
is whether awns make an efficient contribution 
to spike photosynthesis, especially as these are 
easily removed through breeding.  Similarly, 
given that spikes and leaves compete in terms of 
resource capture (e.g. for light and possibly N ) it 
is necessary to consider genetic variation for ‘spike 
photosynthesis as a proportion of the total carbon 
fixed’ in terms of achieving an efficient balance 
between spike photosynthesis and that of the rest 
of the canopy. The ability to accurately measure 
these effects and model them at the canopy level is 
perquisite to being able to combine their favorable 
expression through breeding, as well as to allow 
potentially unfavorable genetic linkages to be 
broken.  

Other approaches will need to consider nitrogen 
use, including the distribution and composition 
of pigments and enzymes (especially Rubisco) 
between leaves and spikes to define theoretical 
targets and establish search parameters for 
screening of genetic resources. In this context, 
it is necessary to consider developmental and 
environmental effects too; for example, spikes 
may express delayed chlorosis relative to leaves, 
especially under stress. This phenomenon suggests 
that spike photosynthesis is better adapted to 
the harsh conditions, which tend to occur in the 
latter part of grain filling in a number of wheat 
agro-ecosystems, and genetic variation for ‘stay-
green spike’ has been reported in wheat (Abbad 
et al. 2004). Part of the explanation may come 
from the fact that spike photosynthesis partially 
uses respiratory CO2 made available by grain 
respiration during grain filling, thereby increasing 
the transpiration efficiency of the organ compared 
with leaves (Araus et al. 1993). On the other hand, 
plant respiration can consume a large fraction 
(25–70%) of the carbon fixed each day during 
photosynthesis (Lambers et al. 2005) and will be 
monitored during routine measurements of C 
fixation rates of spikes. 
 

Development of screening tools and molecular 

markers for spike photosynthesis

A recent attempt to overcome the difficulty of 
high throughput screening for contribution of 
spike photosynthesis to grain-filling used shading 
treatments (of either spikes or leaves + stems) 
throughout grain filling to estimate the relative 
contribution of spike photosynthesis to grain 
weight in field grown wheat plots. Results have 
indicated highly significant genetic variation among 
cultivars (Reynolds et al. unpub. data).  A wheat 
mapping population (Atil/Dicoccum) has already 
been identified for which parents show contrast in 
the relative contribution of spike photosynthesis 
to grain filling, and the effect is consistent under 
different environmental conditions. Spike shading 
will be applied on 100 random inbred lines (RILs) 
from the Atil/Dicoccum cross in order to undertake 
QTL analyses. Direct measurement of spike 
photosynthesis will be conducted on parents and a 
subset of RILs using infra-red gas analysis (IRGA).

For any given environmental condition, the leaf, 
spike or canopy temperature is related to the rate 
of evapo-transpiration from the plant surface, even 
though ear morphology (e.g. color and shape, and 
presence/absence of awns) may also play a role. 
Therefore, thermal imaging can be used to monitor 
the transpiration rate of different plant organs 
(Leinonen and Jones 2004). Spike temperatures have 
been shown to be warmer than the leaves (Ayeneh 
et al. 2002) which may have a significant effect on 
the filling of grains (in terms of grain filling rate, 
duration, as well as rate of respiration). In order to 
study genotypic variability in the ear, temperature 
thermal imaging will be measured on elite cultivars 
during grain filling.

Another alternative to gas analysis that permits 
instantaneous measurement of photosynthetic 
parameters is chlorophyll fluorescence, which has 
the advantage of being very rapid and as such can 
be adopted into high throughput phenotyping 
platforms and estimates electron transport rate, 
a parameter which will integrate over both net 
gas exchange and recycling of respiratory carbon 
(Munns et al. 2010). Such approaches have value 
in both identifying genetic variation and in 
gene discovery. A phenotyping protocol will be 
developed at the Canberra phenotyping facility for 
high throughput screening systems in controlled 
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environments for variation in ear photosynthetic 
capacity, based on chlorophyll fluorescence, 
(assays of Pmax as electron transport rate at super 
saturating CO2), protein and chlorophyll content 
and carbon isotope discrimination combined with 
CO2 exchange. 

Expected outcomes / impacts

• Spike photosynthesis confirmed as a target for 
genetic improvement in wheat. 

• High throughput phenotyping methodologies 
for routine screening of spike photosynthesis in 
wheat developed.

• Identification of QTL associated with spike 
contribution to grain filling as a first step 
towards development of fine markers for spike 
photosynthesis; eventually facilitating the 
combination of spike photosynthesis with other 
RUE related traits in breeding.
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Background

Needed future large gains in wheat grain yield 
(GY) will require substantially greater gains in 
crop biomass (BM) than have been achieved to 
date (Parry et al. 2011). This project aims to boost 
crop BM and ultimately GY through genetically 
optimising the balance between radiation 
interception (RI) by the crop and the efficiency 
with which the radiation intercepted is used for 
producing biomass (RUE).

Other sub-projects in Theme 1 are aimed at 
improving photosynthetic characteristics of leaves 
and ears. Almost invariably, these photosynthetic 
characteristics are measured at high light intensity. 
But in a crop canopy the light environment is 
highly variable –spatially, diurnally and seasonally. 
Canopy components typically move from having 
too much light for photosynthesis to having too 
little light, however, sometimes it’s the other way. 
These large changes in light environment result in 
substantial inefficiencies in how well the available 
light is used (Zhu et al. 2010). These inefficiencies 
act to limit the direct translation of gains in leaf or 
ear photosynthesis to gains in RUE and thereby 
limit gains in crop BM and GY.  Experience 
indicates that achieving concurrent improvement 
in both RI and RUE will be challenging (Long et al. 
2006), so this project will not only characterise and 
exploit in crossing the genetic variation in target 
traits for RI and RUE but will also use computer 
modelling of crop canopies to assist in gauging the 
effects on productivity of genetic changes in these 
traits. Outputs from these simulations will be used 
to guide crossing and selection strategies and will 
assist in developing efficient phenotypic screens for 
canopy traits.

Crop modeling already indicates that genetic 
changes to canopy architecture that allow greater 
light penetration deeper into the canopy may limit 

trade-offs between leaf-area deployment and RUE 
(Long et al. 2006). Modeling also indicates scope to 
boost RUE through more-effective distribution of 
canopy N at different levels of the canopy, and/or 
between different enzymes involved in carbon and 
light capture (Zhu et al. 2010; Murchie et al. 2009). It 
is likely that different planting geometries, such as 
bed planting versus solid stands, will also generate 
different light environments that require different 
genotypic attributes. Likewise, it is possible that 
changes in BM partitioning being researched in 
Theme 2 will have impacts on canopy architecture 
that require concurrent changes in photosynthetic 
attributes. Even though ears contribute to 
canopy photosynthesis they also intercept a large 
proportion of radiation (Parry et al. 2011). Canopy 
modeling would help quantify trade-offs between 
ear and leaf-canopy photosynthesis so that the 
optimum balance can be achieved. In addition to 
these approaches, previous collaboration between 
CIMMYT and CSIRO has highlighted the strong 
potential for using canopy temperature to select for 
high YP (Condon et al. 2007). Further refinement is 
required before this technique can be routinely used 
by breeding programs.  

Objectives

SP1.3.1: Evaluating effects on RI, RUE, BM and 
GY of genetic variation in seasonal profiles of 
leaf area development and duration, of within 
canopy leaf area distribution and of stomatal 
conductance.

SP1.3.2: Using outputs from SP1.3.1, model the 
impacts of changes in within canopy and within 
season distributions of leaf area and N, to 
determine combinations of leaf area and canopy 
N distribution that optimize seasonal RI and 
RUE.

SP1.3.3: Using outputs from SP1.3.1 and SP1.3.2, 
and with input from Theme 2 and Theme 3, 
initiate a crossing program to bring together 
optimal combinations of canopy traits.

SP1.3:  Optimizing and Modeling Canopy Photosynthesis and 

Photosynthetic Duration
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Research activities for 2011 and 2012

There are three major areas of research being 
addressed in 2011 and 2012:
• Identification, bulking and screening of candidate 

germplasm likely to vary in canopy traits 
affecting light interception (LI) and RUE.

• Development and validation of techniques 
for characterizing genetic variation in canopy 
architecture and light environment, and 
extinction coefficient of the upper leaves during 
grain fill, leaf area development and duration 
and biochemical composition.

• Development of computer simulation models 
that can digitally describe spatial, temporal and 
genetic variation in these canopy characteristics.

Research activities are distributed across the 

sub-project partners.

• The CIMCOG set is being grown at Obregon 
under two planting geometries.  Genotypic 
variation in canopy traits associated with diurnal 
and seasonal profiles of RI and RUE is being 
determined on this set pre- and post-flowering. 
This work principally involves researchers from 
CIMMYT and COLPOS, with some input from 
the other project partners.

• A student from CAS China has been tasked 
with developing and validating a canopy 
model with the capacity to assess the impacts of 
genetic variation in canopy traits under different 
planting geometries. As an essential first step in 
this process, canopy structure is being measured 
on a targeted subset of CIMCOG at Obregon. 
Further measurements are planned for sowings 
at CSIRO, Australia.

• In-so-far-as canopy photosynthesis is limited by 
CO2 supply, removing stomatal limitations on 
CO2 uptake would be expected to boost RUE. The 
CIMCOG set is being used to refine screening 
techniques for canopy temperature and stomatal 
traits and to identify sources of high stomatal 
conductance for use in crossing. 

• Field experiments at CSIRO, Australia, are 
comparing LI and RUE of wheats and triticales. 
This comparison is being done because in many 
high-input environments triticale achieves much 

greater BM than wheat and often greater GY. The 
aim is to determine what triticale is doing better 
than or differently to wheat.

• At the University of Nottingham, techniques 
are being developed that will allow genetic 
variation in interactions between components of 
photosynthetic machinery and the variable light 
environment of the wheat canopy to be assessed.

• 
Expected outcomes / impacts

• Benchmark genetic diversity in canopy 
photosynthesis for a range of elite wheat 
germplasm.

• Phenotypic data, outputs from crop canopy 
simulations and promising lines from this project 
will feed into the leaf and ear photosynthesis 
approaches in SP1.1 and SP1.2, into partitioning 
projects in Theme 2 and into breeding and 
selection projects in Theme 3.

• Outputs of a fully funded project will be new 
phenotypic screens developed for wheat for 
leaf area development, duration, architecture 
and biochemistry; genetic material screened for 
these canopy traits; initial backcrossed material 
available in new genetic backgrounds; crop 
models incorporating code to allow assessment 
in silico of genetic variation of canopy traits; 
assessment in silico of the likely impacts on 
wheat YP of different canopy traits, singly and in 
combination, and; digital descriptions of canopies 
of contrasting genotypes.

• 
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Background

The rate of photosynthesis is limited either by 
the carboxylation of the acceptor molecule RuBP, 
catalysed by Ribulose 1,5-bisphosphate carboxylase/
oxygenase (Rubisco) or by the capacity to regenerate 
RuBP (Parry et al. 2011). The balance between 
these contributory processes is significantly 
affected by environmental conditions (e.g. CO2, 
light, temperature and water availability). Climate 
models predict that average global temperatures 
will increase by 0.6–2.5°C over the next 50 years 
and will be accompanied by frequent episodes of 
extreme heat events. Photosynthesis is particularly 
sensitive to inhibition by moderate heat stress and 
this inhibition leads to a decrease in yield. The 
inhibition of photosynthesis by moderate heat 
stress correlates with a decrease in the activation 
state of Rubisco. As temperatures increase, Rubisco 
active sites progressively become inactive either 
through decarbamylation or catalytic inactivation. 
Restoration of activity requires a specific chaperone, 
Rubisco activase. Rubisco activase has a relatively 
low temperature optimum for reactivating Rubisco, 
hence as temperature increases, Rubisco activase 
becomes progressively less effective at restoring 
Rubisco to an active state. 

Transgenic experiments conducted in model plants 
(tobacco and Arabidopsis) have shown that:
• The activities of individual photosynthetic 

enzymes of the Calvin Cycle can be up or down-
regulated to increase photosynthetic carbon 
assimilation and increase plant productivity and 
yield (e.g. Harrison et al. 1998; Lefebvre et al. 
2005)

• The thermotolerance of photosynthesis can be 
improved by increasing the thermal stability of 
Rubisco activase (Kumar et al. 2009).  

Objectives

The objectives are:
SP5.1: To optimise the regeneration of RuBP in 

leaves
 SP6.1:  To produce wheat germplasm with 

improved tolerance to heat stress

Research activities for 2011 and 2012

This project aims to increase photosynthesis and 
thermotolerance of wheat by:
• Generating transgenic plants that over express 

the Calvin Cycle enzymes sedoheptulose-1,7-
bisphosphatase and fructose 1,6-bisphosphate 
aldolase.

• Generating transgenic plants that express a heat 
tolerant Rubisco activase in order to increase 
Rubisco activity at high temperatures.

This year we will generate plant transformation 
constructs and embark on the biolistic nuclear 
transformation of CIMMYT wheat. Later this year 
and next we will embark on the molecular and 
biochemical characterization of transgenic lines.

Expected outcomes / impacts

• Transgenic plants with greater RuBP 
regeneration, thereby increasing photosynthetic 
carbon metabolism. This will increase resource 
use efficiency.

• Transgenic wheat plant with greater 
thermotolerance of photosynthesis .

• These traits either singly or in combination with 
other traits will increase photosynthetic rate and 
the yield of wheat plants.
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Background 

To raise yield potential it will be crucial to optimize 
partitioning of assimilate to spikes to maximize 
grain number and dry matter (DM) harvest index 
(HI). Despite a hypothetical limit to HI of ca. 0.65 
in wheat (Austin 1980; Foulkes et al. 2011), there 
has been no systematic progress since the early 
1990s from values of ca. 0.50–0.55 (Reynolds et al. 
2009; Brancourt-Hulmel et al. 2003; Shearman et 
al. 2005). Partitioning to spikes could be increased 
by reducing competition from alternative sinks, 
especially during stem elongation when grain 
number is determined (Fischer 1985; Reynolds 
et al. 2011; Foulkes et al. 2011). These competing 
sinks include roots, leaves, stems (structural and 
non-structural (= water soluble carbohydrate)) and 
infertile tillers. Strategies to boost spike growth by 
reducing assimilate partitioning to alternative sinks 
are complementary to those that aim to optimize 
phenology. Optimizing phenology will mainly 
extend the duration of spike growth in the pre-
anthesis phase, whereas optimizing partitioning 
amongst the plant organs to favor the spike will 
mainly increase the rate of spike growth. Therefore, 
there are synergies between these two approaches. 
There is generally a negative relationship between 
spike partitioning index (spike DM / above-ground 
DM; at anthesis) and spike fertility index (grains per 
gram spike DM; at anthesis) (Gaju et al. 2009) and it 
will be crucial to identify opportunities to break this 
negative relationship. 

The genetic range for DM partitioning to the 
respective plant organs at anthesis reported in the 
literature was reviewed by Reynolds et al. (2009). 
The range for spikes was 0.12–0.29, for leaf lamina 
0.19–0.31, and for stems and leaf sheaths 0.48–0.63 
as a proportion of above-ground biomass. The DM 
lost in infertile tillers was 0.02–0.15 as a proportion 
of above-ground biomass (Berry et al. 2003) and 
the DM in roots was 0.06–0.17 as a proportion of 
total biomass. These data suggest the possibility 
for increasing partitioning to spikes at the expense 

SP 2.1: Optimizing Harvest Index through Increasing Partitioning

to Spike Growth and Maximizing Grain Number
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of other plant organs. Decreasing root partitioning 
to increase spike partitioning index (SPI) may be 
undesirable, since future genetic gains in biomass 
may require increased access to water and nutrients. 
Similarly, reducing partitioning to the leaf lamina 
may have negative effects on photosynthetic 
capacity. Although gains in SPI at anthesis may not 
be possible through reducing root or leaf lamina 
partitioning, and only small gains seem likely 
through reducing partitioning to infertile tillers, 
reducing allocation of assimilate to the structural 
stem, which presently accounts for ca. 40–45% of 
above-ground biomass at anthesis, may offer much 
greater scope. 

There will be an interdependence between targets 
for assimilate partitioning to boost spike fertility and 
the minimum support DM for lodging resistance. 
The identification of traits for increased spike 
partitioning to boost spike fertility will therefore 
link closely with the analysis of lodging traits in 
SP2.5 and the ideotype design and comparison with 
CIMCOG in SP2.6. This will be facilitated by the 
sub-projects (SP) working jointly on the CIMCOG at 
the hub site at CIMMYT, Ciudad Obregon, in 2011 
and 2012.

Objectives

The SP 2.1 has the following objectives:
SP2.1.1: Identify genetic sources of wheat (and close 

species) expressing favorable values of assimilate 
partitioning and spike fertility determining 
grain number per m2 and HI through screening 
genetically diverse germplasm. 

SP2.1.2: Identify traits and mechanisms determining 
genetic variation in SPI and spike fertility index 
and quantify trade-offs between these two 
components of grain number per m2.

SP2.1.3: Estimate contribution of genes of major 
effect (Rht, Ppd, Vrn, Lr19, 1B/1R) on SPI, grains 
m-2 and HI and related traits, and develop genetic 
markers for these traits using an association 
genetics panel and bi-parental populations.

Theme 2: Work Initiated
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Research activities for 2011 and 2012

Work tasks for the 2010/11 growing season (data to 
be collected by the team of Theme 2 Mexican PhD 
students programme, to start studentships in 2011)

– Dry matter partitioning (leaf lamina, leaf sheath, 
structural stem, non-structural (= water soluble 
carbohydrate) stem, and spike) will be measured 
on CIMCOG lines to test the hypothesis that 
reduced partitioning to the structural stem and/or 
leaf sheath is linked to higher spike partitioning 
index, grains m-2 and HI. 

– Spike partitioning index and spike fertility 
index of the CIMCOG lines will be quantified 
to evaluate associations between them aimed at 
identifying physiological mechanisms to break 
the trade-offs between these two components of 
grain m-2.

– Phenotyping data sets collected in 2010/11 for 
key traits will be analyzable according to genetic 
information to identify molecular markers and 
associate physiological and molecular traits in the 
following experimental years. This will include 
estimation of contribution of genes of major effect 
(Rht, Ppd, Vrn, Lr19, 1B/1R) on key traits, their 
degree of independence, and interactions.

Research activities for 2011 and 2012  (Theme 2 

Mexican PhD studentships)

A PhD study (funded by MasAgro and University 
of Nottingham; UoN) will start in August 2011 
and an application for a second PhD studentship 
will be made to CONACYT in May 2011. The PhD 
students will be registered at the UoN and will be 
located at MEXPLAT during the field cycle and 
UoN during the rest of the year. The PhD studies 
will develop the above work tasks in the following 
experimental years in  specific experiments, in 
which: (i) a more detailed DM partitioning analysis 
will be carried out on contrasting germplasm in the 
CIMCOG, to include root partitioning and analysis 
of chaff components (palea, lemma, glume, awn 
and rachis) to quantify how reduced partitioning 
to these components increases spike fertility (and 
post-anthesis RUE via improved grain sink) and 
(ii) the key traits will be assessed on bi-parental 
populations to identify their genetic basis for easier 
deployment in breeding and to better understand 
the degree to which apparent trade-offs are 
genetically independent. The contribution of genes 

of major effect (Rht, Ppd, Vrn, Lr19, 1B/1R) on key 
traits, their degree of independence, and interactions 
will be determined. The physiological data will be 
analyzed using quantitative frameworks relating 
partitioning traits to grain number to test for 
synergies and trade-offs between duration of stem 
elongation, crop growth rate, SPI and spike fertility 
index. The specific hypotheses that improved SPI, 
grain m-2 and HI are associated with: (a) reduced 
partitioning to the structural stem dry and/or leaf 
sheath and (b) reduced DM cost of the chaff linked 
to higher spike fertility index will be tested.

Expected outcomes/impacts 

Delivery of the following research outputs is feasible 
within the required timeframe since the CIMCOG 
trial was established in 2010/11 and phenotyping 
methodologies for assimilate and N partitioning, 
spike fertility, grains m-2 and HI and underlying 
traits are already available.

1. New sources of germplasm assembled with 
favorable expression of spike partitioning index 
and related traits maximizing HI and grains m-2. 

2. Germplasm sources and underlying mechanisms 
identified to break the negative relationship 
between SPI and spike fertility index.

3. New sources of Rht alleles for enhanced SPI 
and spike fertility index linked to improved 
grain number per m2 and HI. Fine mapping and 
tight-linked markers for SPI and spike fertility 
index and related traits linked to improved grain 
number per m2 and HI.

4. High-throughput phenotyping methodologies 
developed for practical screening for breeding for 
target traits determining grains m-2 and HI.  
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Background

To further increase wheat yield potential it is 
critical to better understand the physiological and 
genetic bases of wheat yield. This understanding 
is needed to increase the likelihood of success 
in breeding for complex traits, such as yield, 
either through traditional or molecular biology 
approaches (Slafer 2003; Reynolds and Tuberosa 
2008). Among the physiological attributes to be 
explored in the Wheat Yield Consortium (WYC) 
are those related to further increase spike fertility 
(as yield of modern wheat cultivars is more sink- 
than source-limited during grain filling; e.g. Borrás 
et al. 2004). Within this area, SP2.2 is focused on 
optimizing developmental pattern to maximize spike 
fertility with the aim of clarifying the physiological 
basis and to determine the genetic basis of grain 
number associated with the pattern of crop 
development. This is because the optimization of 
the partitioning of developmental time between 
phases occurring before and after the onset of 
stem elongation (SE) may be relevant for grain 
number and yield determination (Slafer et al. 
2009 and references therein). During SE yield is 
strongly limited by source strength (Fischer 1985); 
therefore, lengthening the duration of the SE phase 
may increase yield (Slafer 2003; Miralles and Slafer 
2007). Relationships between the duration of SE 
and number of fertile florets and grains (through 
manipulating photoperiod during SE) have been 
consistent for a particular cultivar (e.g. González 
et al. 2003; 2005a); however, the identification 
of genes controlling this trait has been elusive 
(González et al. 2005b). 

Objectives

The specific aims of SP2.2 are: 
SP2.2.1: To characterize the variability available 

in partitioning of developmental time between 
phases occurring before and after the onset of 
SE in populations and precise genetic stocks 
designed for the dissection of these traits 
(e.g. near isogenic lines (NILs), segregating 
populations varying in development rates) 

SP2.2: Developmental Patterns and Spike Fertility in the CIMCOG 

Population – Advances and Activities Planned
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or yielding capacity (e.g. populations of lines/
cultivars of high yields), including an assessment 
of genotype by environment (G × E) interactions; 

SP2.2.2: To identify whether the variability would 
be due to differential photoperiod sensitivities 
during SE or to variation in earliness per se (eps) 
during this phase; 

SP2.2.3: To identify genetic factors controlling 
phenological partitioning and provide markers 
making it possible to select for a lengthened SE; 
and 

SP2.2.4: To determine the level of correlation 
between extended SE phase and grain number 
(and yield), through introgression of the trait in 
common backgrounds and testing the effect in a 
range of environments.

Research activities for 2011 and 2012

The first research action of SP2.2 will address 
the first objective of the sub project (SP). This 
is to study the range of variation in duration 
of SE, independently of parallel changes in 
time to anthesis, and then the genetic basis for 
that variation. For this purpose, the CIMCOG 
population is being grown by CIMMYT at Obregon 
in order to characterize developmental patterns and 
spike fertility in the population (within SP2.2, other 
traits are simultaneously being determined for other 
SPs). The specific aims include: (i) to determine 
patterns of phenological development within this 
population, (ii) to study relationships between 
these patterns and grain number generation, (iii) 
to establish effects through either spike dry weight 
(SDW) at anthesis or fruiting efficiency (grains 
per unit; SDWanthesis), and (iv) to evaluate –in 
selected lines of the population– the dynamics of 
floret initiation and survival as determinants of 
the numbers of fertile florets. This characterisation 
will be complemented later with the genotyping of 
this population (at least for Rht-D1, Rht-B1, Rht8, 
1BL1RS, Ppd-D1, Ppd-B1, Ppd-A1, Vrn-A1, Vrn-B1, 
Vrn-D1, Vrn-B3 and with diagnostic haplotypes, 
currently under development in UK BBSRC and 
DEFRA projects, for eps and stem extension QTL 
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identified in Griffiths et al. 2009, 2011) at the John 
Innes Centre (JIC). In addition to genotyping for 
genes of known function, the collection will be 
genotyped using SNP markers to establish levels of 
kinship between varieties. With the phenotyping 
being conducted at CIMMYT and the genotyping 
at JIC, we expect to have our first attempts at 
identifying the likely genetic basis of the traits 
analysed, at least for this population, in the growing 
environment of Obregon. In the case of varieties 
that  exhibit unusual patterns of phenology, new bi-
parental populations will be developed at JIC. These 
will be crossed with Paragon, a U.K. variety already 
used to develop ten single seed descent (SSD) 
populations with accessions of the AE Watkins 
landrace collection held at JIC. In the forthcoming 
BBSRC pre-breeding programme, these populations 
will be exploited for the identification of new and 
useful variation for modern bread wheat. Together 
with the CIMCOG derived populations, this will 
constitute a nested association mapping panel 
capturing a wide range of variation for SE.

Expected outcomes / impacts

The immediate deliverables of the ongoing 
experiment at Obregon will be a database of 
developmental patterns and relationships with grain 
number determinants in the population. With this 
work, complemented by the genotyping to be done 
at JIC, depending on the results, the SP may be able 
to offer genetic factors that could be manipulated 
to lengthen the SE phase as a tool to increase 
spike fertility and yield. With further funding the 
study could be more comprehensive, including 
other germplasm pools (including the bi-parental 

populations made from CIMCOG varieties against 
Paragon) and other environmental conditions 
(research expertise in Spain, UK and Argentina, 
beyond that available at CIMMYT, is available 
within the partners committed with SP2.2). Aims 
would include: (i) to explore whether the pattern of 
wheat development, in particular the partitioning of 
time to anthesis into longer stem elongation phases 
at the expense of shorter earlier phases, affects 
grain number determination in selected lines of the 
CIMCOG population; (ii) to determine the nature 
of the differences in length of the SE phase in the 
population (photoperiod sensitivity, eps) and to 
identify markers for these differences, (iii) beyond 
the work on the CIMCOG population, there will 
be complementary studies on NILs from Weebil × 
Bacanora and from other populations.
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Background  

Work demonstrating excess photosynthetic capacity 
during grain filling in modern wheat (Reynolds et 
al. 2005) suggests that wheat aborts more florets 
than necessary, a process that is likely regulated 
by spikelet hormone balance. Stress ethylene 
synthesis (which occurs under high temperatures 
and/or drought) seems involved in kernel abortion 
(Hays et al. 2007) and ABA/ethylene ratios can be 
important in determining spikelet fertility (maize– 
Wang et al. 2002; rice– Yang et al. 2007) and the 
rate of grain filling in wheat (Yang et al. 2006). 
Post-anthesis application of ABA and ethylene 
biosynthesis inhibitors directly to developing grains 
showed that an increased ratio of ABA to ethylene 
increased grain-filling rate (Yang et al. 2006).

To understand the role of phytohormones in 
reproductive development of wheat, it is important 
to discriminate effects of altered chemical status 
and water status, as many studies indicate that 
cereal crops can maintain turgor in vegetative and 
reproductive structures in the field in response to a 
range of environmental challenges (eg. Michelena 
and Boyer 1982). 

Environmental effects on yield development in 
cereals can be extremely subtle. For example, Boyer 
(1982) has shown that even well irrigated, well 
fed crops in the USA may yield only 20 percent of 
potential yield values. We believe that hormonal 
and other chemical signals have an important role 
to play in regulating yield, even in plants that are to 
all appearances ‘unstressed’. 

Objectives and research activities for 2011 and 

2012

SP2.3.1: Separating the effects of grain water status 
from the effects of mild soil drying.

 This is easily achieved in the laboratory using 
split-root plants subjected to well watered 
conditions (no change in grain water status), 
partial root zone drying (no change in 
grain water status but increased grain ABA 
concentration – Dembinska et al. 1992) and 
whole root zone drying (decreased grain water 

SP2.3: Improving Spike Fertility through Understanding and

Modifying Its Sensitivity to Environmental Cues

Ian Dodd, Bill Davies
Lancaster University UK.

status and increased grain ABA concentration). 
In plants exposed to drying soil, carbohydrate 
supply will also be manipulated via carbohydrate 
feeding (as described by Boyer and Westgate 
2004) since additional carbohydrates can 
phenotypically revert drought-induced kernel 
abortion in maize. 

SP2.3.2: Assessing meristem/spikelet hormone 
concentrations in plants grown with water, 
nutrient, temperature and radiation challenges.

 Meristem/spikelet hormone concentration 
will be measured at key stages of plant 
development (floret initiation, terminal spikelet 
initiation, anther lobe formation, meiosis, floret 
degeneration – determined by dissection of the 
elongating stem) by gas chromatography-mass 
spectrometry (GC-MS – IAA, ACC, cytokinins) 
and immunoassay (ABA). 

SP2.3.3: Quantifying hormonal signals in plants 
exposed to environmental challenges.

 To characterize hydraulic signaling, midday 
leaf and grain water potential (and osmotic 
potential to calculate leaf turgor) will be 
measured (using thermocouple psychrometers). 
These manipulations and measurements will 
determine the relative importance of hydraulic, 
carbohydrate and hormone signaling in 
impacting floret abortion. 

SP2.3.4: Assessing signaling and crop yield in field 
grown crops.

 To complement the mechanistic studies in the 
laboratory (described above), a wheat crop 
exposed to the UK weather or undercover at 
Lancaster’s field site (Myerscough College) will 
be grown. Using this cover, water availability 
and temperature can be manipulated. Plants will 
either be well watered throughout development 
(with dielectric sensors allowing feedback 
control of soil water status), or allowed to dry 
the soil from the beginning of stem elongation. 
Samples will be regularly taken (to measure spike 
hormone and water status using the techniques 
described above) from developing meristem and 
leaves of plants. Spikelet fertility index (assessed 
as number of florets at anthesis) and grain size (at 
harvest) will be related to hormone balance. 
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Genetic material will constitute a subset of elite 
spring wheat germplasm from the CIMCOG panel. 
These will be chosen for contrasts in response to 
treatments designed to assess sink-limitation at the 
Mexican phenotyping platform (MEXPLAT) during 
the 2010-11 spring wheat cycle.

At least one Mexican PhD student will be recruited 
during the summer of 2011 to work at the Lancaster 
Environment, Centre (tuition paid by Lancaster 
University) whose thesis work will include 
interaction with the MEXPLAT. 

Expected outcomes/impacts

• The degree to which plant signaling can mitigate 
yield potential established

• Plant signaling phenotyping protocols developed 
for larger scale throughput 

• Genotypic variation in signaling established in 
Mexican germplasm panel

• Transfer of technology to MEXPLAT

References

Boyer, J.S. 1982. Science 218:443–448.
Boyer, J.S. and M.E. Westgate. 2004 Journal of 

Experimental Botany 55:2385–2394. 
Dembinska, O., et al. 1992 Plant Physiology 100:1599–

1602. 
Hays, D.B. et al. 2007 Plant Science 172:1113–1123. 
Michelena, V.A., and J.S. Boyer. 1982. Plant Physiology 

65:1145–1149.
Reynolds, M.P., et al. 2005. Annals of Applied Biology 

146:39–49.
Wang, Z., et al. 2002. Annals of Botany 90:623–630. 
Yang, J.C., et al. 2006. New Phytologist 171:293–303. 
Yang, J.C., et al. 2007. Journal of Plant Growth Regulation 

26:318–328.



32

Background

Raising wheat yield potential is necessary to avoid 
the trade-off between grain number and weight, 
which can jeopardize the efforts on grain number 
improvement. Taking into account that grain 
weight is scarcely limited by the source during the 
grain filling period, most of the research aimed 
at improving grain weight together with grain 
number should focus on physiological mechanisms 
involved in individual grain weight and size 
determination. To improve knowledge on grain 
weight and to facilitate the use of this knowledge in 
wheat breeding programs SP2.4 has the following 
objectives:

Objectives

SP2.4.1: Identify the physiological and genetic 
determinants of potential grain weight and size, 
including the relationship with grain filling rate 
and duration.

SP2.4.2: Identify traits and physiological 
mechanisms associated with the environmental 
stability of grain weight and size.

SP2.4.3: Quantify trade-offs between grain 
number and size and identify the signaling and 
regulation pathways explaining the negative 
relationship with grain number.

During the 2010-11 growing season both pre- 
and post-anthesis characters will be measured 
to identify the traits better associated with final 
grain weight. This will improve physiological and 
molecular knowledge to develop wheat breeding 
strategies aimed at increasing grain weight and 
raising yield potential.        

Pre-anthesis period

Evidence reported during recent years has shown 
that grain weight of wheat is not only affected by 
environmental conditions during the grain filling 
period but also at the period immediately prior to 
anthesis (Calderini et al. 1999a, b). More recently, 
this has been confirmed in additional studies 
(Duggan and Fowler 2006; Ugarte et al. 2007; 
Ferrise et al. 2010). These findings demonstrate 

SP 2.4: Improving Grain Filling and Potential Grain Size

Daniel F. Calderini1, Alejandro Quintero2, Said Mouzeyar3,4, Ricardo Rieguel1, Jacques Le Gouis3,4 
 1Universidad Austral de Chile, 2CIMMYT Mexico, 3INRA France, 4Université Blaise Pascal  France.

that determination of grain weight is initiated when 
the ovaries of flowers are growing fast and before 
they form grains. Taking into account that ovaries 
of flowers develop into the pericarp of grains, it has 
been proposed that the pericarp imposes a physical 
restriction to growing grains of temperate cereals 
(Calderini et al. 1999b; Ugarte et al. 2007). Positive 
associations between final grain weight and ovary 
weight at anthesis have been reported in wheat 
(Calderini and Reynolds 2000) and in other crops 
(Scott et al. 1983; Cantagallo et al. 2004; Yang et 
al. 2009), further supporting this hypothesis. For 
these reasons, under the SP 2.4, measurements 
will be taken of carpel size at anthesis and crop 
growth during the period bracketing anthesis, 
given the latter has been proposed as an estimator 
of grain weight potential (Gambin and Borrás 
2010). Additional research has shown that soluble 
carbohydrates accumulated before and immediately 
after anthesis could be linked with determination 
of grain weight and grain filling rate (Dreccer et al. 
2009). Soluble carbohydrates are also measured in 
CIMCOG lines to build a framework of grain weight 
determination. 

Post-anthesis period

A number of approaches have been attempted in 
wheat and other crops to understand determination 
of grain weight potential. The simplest way to 
address this complex trait has been through 
monitoring the rate of dry matter accumulation 
and duration of the grain filling period (Sofield et 
al. 1977). In addition to these traits, the weight and 
volume of grains have consistently been found to 
be associated (Dunstone and Evans 1974; Millet 
and Pinthus 1984), showing that grain density is a 
conservative trait in this crop (Borrás et al. 2004). 
Similar to volume, maximum water content of 
grains has also been reported as an estimator of final 
grain weight (Saini and Westgate 2000), probably 
due to the close association between dry matter 
and water dynamics of growing grains observed in 
this crop (Schnyder and Baum 1992; Calderini and 
Reynolds 2000). The dynamics of grain dimensions 
(length, width and height), which enable the grain 
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to reach maximum volume, are less known than 
the volume dynamic in wheat, however, a recent 
study by Lizana et al. (2010) showed a strong 
relationship between grain weight and grain length 
in wheat. Taking this evidence into account, it is 
proposed that measurements of water content and 
grain dimensions, in addition to grain filling rate 
and duration, aimed at phenotyping the CIMCOG 
lines and improving the physiological basis of grain 
weight determination, are undertaken. In addition, 
the number of grains per square meter and per 
spike, together with other measurements considered 
in Theme 2 and the screening of grain will facilitate 
an improved understanding of the trade-offs 
between the two main components of grain yield.

Research activities for 2011 and 2012

- The relationship between final grain weight 
and: (i) ovary size at anthesis, (ii) soluble 
carbohydrates around anthesis, (iii) the crop 
growth rate bracketing anthesis, and (iv) grain 
water content will be measured in the CIMCOG 
lines to detect main key traits for screening 
genotypes.

- Grain filling rate and duration of the CIMCOG 
lines will be quantified to evaluate associations 
between them and the pre- and post-anthesis 
traits aimed at identifying physiological 
mechanisms involved in grain weight 
determination.

- Grain weight will be measured at harvest, by 
both averaging all the grains (total grain weight; 
TGW) and at specific positions along the spike, 
to estimate the trade-off between grain number 
and size, with the objective of maximizing the 
impact of increasing grain weight on wheat yield 
potential. 

- Grains of each CIMCOG line will be screened 
to quantify the relative contribution of different 
grain size categories on TWG. This will facilitate 
the proposal of strategies for increasing grain 
weight in different genotypes.

- Phenotyping carried out in 2010/11 will be key 
to identifying molecular markers and associated 
physiological and molecular traits in subsequent 
experimental years.

Planned work tasks for the 2011/12 growing season

During the second experimental year, phenotyping 
the CIMCOG lines (similar measurements to that 
in year 2010/11) will continue, to evaluate the G × E 

interaction of main traits associated with   potential 
grain weight. In addition, a deeper insight on 
the physiological and molecular basis of grain 
weight determination will be carried out under 
optimal and heat stress conditions. To improve 
the physiological and molecular understanding of 
grain weight, CIMCOG lines contrasting in grain 
number and weight will be evaluated, integrating 
physiological and molecular measurements. Ovary 
weight will be measured at the pre-anthesis period 
as well as the time-course of grain size, pericarp 
cell size and expansins expression (qPCR) after 
flowering. Ovary data and soluble carbohydrates 
from SP2.4.2 will be studied, together with flower 
development measured in SP2.2, to identify 
the regulation of grain number and weight. In 
addition, the study of expansins and their genes 
will facilitate the improvement of both grain 
number and size to avoid trade-offs. 

Taking into account the negative impacts of heat 
shocks during grain filling which affect final 
grain weight, an experiment will be conducted 
to identify the mechanisms and genes involved 
in heat shock tolerance. For this objective, lines 
contrasting in their response to heat stress will 
be selected within the Seri × Babax population. 
They will be grown in optimal and heat-stressed 
conditions (i.e. + 5°C, mean temperature) in plastic 
tunnels. Ovaries, then grains at 2–3 pre-flowering 
and 3–5 post-flowering stages will be collected. 
The cyto-morphological responses (whole grain 
and compartment size) will be quantified. Soluble 
carbohydrates (immediately before and after 
anthesis) and crop growth rate around anthesis 
will be measured to analyze the causes of 
differential responses of the Seri × Babax lines to 
heat stress.

Expression profiling of the collected samples will 
be conducted using either microarray techniques 
(NimbleGen, INRA, Clermont-Ferrand) or RNA 
sequencing approaches (454 Roche Junior, INRA 
Clermont-Ferrand). Differentially expressed genes 
will be identified (between the two lines and 
the two growth conditions). Crucial candidate 
pathways and genes will be further characterized. 
A high quality list of these genes will be targeted 
for the identification of SNP markers based on 
the sequence capture techniques (on a limited 
collection of lines).
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Expected outcomes/impacts 

• Identification of key physiological and molecular 
traits regulating grain weight potential

• Improvement of the understanding of crop and 
environmental factors controlling the trade-off 
between grain number and grain weight

• A list of candidate genes differentially expressed 
in response to heat stress

• Gene markers that will be available for 
association mapping

• Development of strategies to avoid trade-offs 
between grain number and grain weight in wheat 
breeding 
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Background

Lodging is a persistent phenomenon in wheat which 
reduces yield by up to 80% as well as reducing 
grain quality (Berry et al. 2004). Therefore, any 
comprehensive strategy to improve wheat yield 
potential should include lodging resistance. A 
validated model of the lodging process has identified 
the characters that determine stem and root lodging 
risk of wheat (Berry et al. 2003a). The risk of stem and 
root lodging is calculated in terms of the wind speeds 
required to cause failure of the stem base and the 
anchorage system. Stem lodging is predicted when the 
wind-induced leverage of a single shoot exceeds the 
strength of the stem base. Root lodging is predicted 
when the wind-induced leverage of all shoots 
belonging to a single plant exceeds the anchorage 
strength. The wind-induced leverage of a shoot is 
calculated from its height at centre of gravity, the rate 
at which the shoot sways (natural frequency), the area 
of the spike and the wind speed. In turn, these plant 
characters can be calculated from the height to the 
spike tip, grain yield per unit area and shoot number 
per unit area. The strength of the stem is calculated 
from its diameter, wall width and the material strength 
of the stem wall. Root anchorage strength is calculated 
from the spread and depth of the root plate and the 
strength of the surrounding soil. 

The lodging model described above has been used 
with preliminary datasets describing the dry matter 
costs of improving lodging traits to estimate the 
dimensions of a wheat plant to make it lodging-proof 
for the least investment of biomass in the supporting 
stem and root system (Berry et al. 2007). The 
characteristics required to give a crop yielding 8 t ha-1 
with 500 shoots m-2 and 200 plants m-2 and a lodging 
return period of 25 years in a UK environment include 
a height of 0.7 m, a root plate spread of 57 mm, and 
for the bottom internode a wall width of 0.65 mm, a 
stem diameter of 4.94 mm and a material strength of 30 
Mpa. Observations of a range of varieties grown in the 
UK showed that the root plate of the best variety was 7 
mm less than the ideotype target, the widest stem was 
0.5 mm below the ideotype target, other stem character 
targets were achieved but not all in one variety, and 
the height target was achievable with the use of plant 
growth regulators.    

SP2.5:  Identifying Traits and Developing Genetic Sources

for Lodging Resistance
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It is estimated that this lodging-proof ideotype will 
require 7.9 t ha-1 of stem biomass and 1.0 t ha-1 of 
root biomass within the top 10 cm soil, which will 
give an above-ground harvest index of only 0.42. The 
development of the root and stem characters associated 
with lodging continues until anthesis and may therefore 
compete for resources with the development of grain 
number and the production of soluble stem reserves. 
The extent to which structural requirements compete 
with grain yield must be investigated to quantify 
possible trade-offs, e.g. it may be necessary to accept a 
lodging return period more frequent than 1 year in 25 
to maximize grain yield. One of the key assumptions 
within the lodging-proof ideotype analysis of Berry 
et al. (2007) was that the minimum height compatible 
with high yields is 0.7 m. Several empirical observations 
support this (e.g. Flintham et al. 1997; Richards 1992). 
Crop height has a major impact on the structural dry 
matter requirements for lodging resistance with each 
additional centimeter in height increasing the stem 
dry matter required by 0.23 t ha-1 (Berry et al. 2007).  
Further work must investigate why there appears to be 
a minimum height for high yield, whether this barrier 
can be overcome and whether the minimum height 
varies between environments. Preliminary work has 
indicated that dry matter density is positively related to 
the material strength of the stem wall which means there 
is a significant dry matter cost associated with increasing 
this strength parameter. The contribution made by 
the node and leaf sheath to stem strength is unknown. 
Therefore, investigations are required to verify the dry 
matter cost of increasing material strength in a range of 
environments. 

In order to increase lodging resistance, plant breeders 
must increase the spread of the root plate, stem thickness 
and the material strength of the stem wall, whilst 
minimizing the width of the stem wall. The exact value 
of the traits will vary between environments (due to 
different wind and rain conditions) and will depend 
on further investigations to assess and validate the 
minimum crop height, the dry matter costs associated 
with the lodging traits and the possible trade-offs with 
yield formation. It is likely that some of the lodging 
traits, e.g. the spread of the root plate, will not be 
found within elite germplasm and wide crosses with 
novel germplasm will be required to achieve them. 
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Broad-sense heritability’s of the lodging traits have 
been estimated from Berry et al. (2003b) to range from 
0.68 for the spread of the root plate to 0.90 for stem 
diameter. A recent analysis of two bi-parental mapping 
populations by Berry et al. and a study of a wheat × 
spelt cross by Keller et al. (1999) have identified more 
than one quantitative trait loci for each of the traits and 
indicated that they are controlled by several genes. 
Further work must better understand the genetic 
control of the traits and investigate whether reliable 
genetic markers can be identified which work across 
genotypes and environments. It is recognized that 
the development of reliable genetic markers can take 
several years, therefore, in the short–medium term, 
investigations should be made of whether phenotypic 
screens can be developed to reduce the time required to 
assess lodging traits. 

Objectives

To develop lodging-proof wheat four key objectives 
need to be achieved (described below). Work to achieve 
parts of these objectives has been initiated and will be 
carried out in 2011 and 2012.
SP2.5.1: Identify sets of traits for different wheat 

growing environments that will maximize lodging 
resistance for the least investment in structural dry 
matter. 

SP2.5.2: Test the effects of the optimum trait sets 
on lodging risk and structural dry matter within 
different wheat growing environments.

SP2.5.3: Understand the genetic basis of the key lodging 
traits and develop genetic markers and phenotypic 
screens that will enable breeders to rapidly select 
these traits.

SP2.5.4: Assess whether the target traits exist within 
breeders’ germplasm and if necessary identify novel 
germplasm with the target traits that could be used 
in wide crosses.

Research activities for 2011 and 2012

The following objectives will be carried out by a 
PhD student based in Mexico and the University of 
Nottingham and by ADAS UK Ltd who will provide 
lodging expertise and carry out experimentation. 
• Identify germplasm with high stem strength. 
• Understand the relationship between stem strength 

and stem weight, and identify germplasm with 
strong and light stems. 

• Identify germplasm with a wide and deep root plate.
• Develop methodologies that enable the lodging traits 

to be rapidly assessed.

Objectives i to iii will be achieved by screening spring 
wheat germplasm from the CIMMYT/Mexico core 

germplasm (CIMCOG), the Wheat Association Mapping 
Initiative Population (WAMI) and a smaller number of 
winter wheat lines, across a range of environments. The 
temporal development of stem strength and stem biomass 
accumulation will be studied on a subset of varieties in 
order to understand the extent to which the development 
of stem strength may compete with yield determination. 
Data from the experiments described above, together with 
existing datasets held by ADAS, will also be used to achieve 
objective iv. This part of the work will investigate whether 
surrogate ‘easy to measure’ traits can be found for the 
lodging traits. New instrumentation for rapidly measuring 
traits will also be developed and tested.

Expected outcomes / impacts

The research activities for 2011 and 2012 will help meet 
parts of the key objectives for achieving lodging-proof 
wheat (SP2.5.1 to SP2.5.4, described at the end of the 
Background paragraph) as follows:

Identification of germplasm with a high stem strength and 
a wide root plate (Objectives i and iii) will help to assess 
whether lodging-proof wheat can be developed from 
existing elite germplasm, or whether new wide crosses must 
be made to achieve the target plant traits. 

Understanding the relationship between stem strength 
and stem dry matter (Objective ii) will be used to assess 
whether the development of strong stems will compete 
with yield formation. This information will be essential for 
modeling studies that will be used to identify the optimum 
combination of traits for maximum yield. 

The development of rapid methods for measuring the 
lodging traits (Objective iv) will help plant breeders to select 
for the optimum trait combinations that will be identified 
by later modeling work for which funding is being sought. 
The physical screening tools to be developed will provide 
an important short–medium term solution before genetic 
markers can be developed (e.g. Berry et al. 2003c).
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Background

In order to gain insight into current levels of 
expression of key physiological traits related to 
photosynthesis and partitioning, an elite germplasm 
panel was assembled; the CIMMYT-Mexico Core 
Germlasm (CIMCOG). Sixty lines were chosen in 
consultation with wheat breeders and physiologists. 
It represents a full range of genetic diversity among 
CIMMYT and Mexican Spring wheat lines in 
agronomic backgrounds of proven value. The panel 
encompasses the following categories of germplasm:

• Genetically diverse advanced lines with high 
and stable yield expression from a range of 
production systems.

• Landmark wheat ideotypes that have become 
well represented in the pedigrees of improved 
germplasm.

• Exotic-derived advanced lines that incorporate 
alien chromatin; e.g. 1B.1R, 7Ag.7DL and 
lines derived from products of interspecific 
hybridization such as ‘resynthesized’ hexaploid 
wheat (Trethowan and Mujeeb-Kazi 2008).

By growing the CIMCOG in the main wheat 
growing environments in Mexico and as part of 
CIMMYT’s international nursery (Braun et al. 
2010), the aim is to parameterize the mechanistic 
limitations to yield potential in current elite 
germplasm, and define new targets for trait 
expression in accordance with conceptual models 
(Reynolds et al. 2009).

Objectives

• Multiply CIMCOG germplasm for International 
distribution

• Grow CIMCOG at key yield potential sites in 
Mexico and internationally

• Collect agronomic data

SP3.4: Germplasm Evaluation and Delivery – Evaluation of CIMCOG as an 

International Nursery

Matthew Reynolds1, Julio Huerta1,2, Tom Payne1 
1CIMMYT Mexico, 2NIFAP.

• Measure expression of physiological traits where 
feasible

• Record meteorological and other key 
environmental data

• Analyse genotype × environment interaction

Research activities for 2011 and 2012

The CIMCOG panel was sown at the Mexican 
Phenotyping Platform (MEXPLAT) in early 
December 2010. It emerged without problem in 
Obregon in mid December and was only slightly 
affected by frosts during February. The CIMCOG 
panel was also sown in El Batan in January 2011 
for multiplication to be shared with collaborators 
throughout Mexico for experimental field trials 
in the 2011/12 wheat cycle and for international 
distribution.

During the 2011-12 spring wheat cycle, CIMCOG 
will be grown at key yield potential sites in 
Mexico in collaboration with INIFAP partners 
(Table 1) and internationally in collaboration with 
CIMMYT’s other wheat partners in Asia, Africa 
and Latin America (Braun et al. 2010). Agronomic 
traits will be assessed as well as the expression of 
key physiological traits related to photosynthesis 
and partitioning where resources permit. Key 
environmental data will also be collected. Data 
will be subject to multi-location and genotype × 
environment interaction analysis.

Expected outcomes / impacts

• Catalogue of physiological trait expression in 
CIMCOG material for Mexico and other key 
wheat agro-ecosystems internationally

• More detailed and up-to-date environmental data 
from key international target sites

• Information about the interaction of yield and 
yield potential traits with target environments

 

Theme 3: Work Initiated
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The following INIFAP wheat scientists have been 
invited to participate in national level trials to 
evaluate the CIMCOG in the 2011-12 wheat cycle 
in their respective growing regions. Plans will be 
formalized in March at the WYC-MasAgro field 
workshop.
• Pedro Figueroa: figueroa.pedro@inifap.gob.mx
• Ernesto Solis Moya: solis.ernesto@inifap.gob.mx
• Javier Ireta: ireta.javier@inifap.gob.mx; jireta@

mail.udg.mx
• Eutimio de Jesús Cuellar Villarreal: cuellar.

eutimio@inifap.gob.mx
• Juan Martinez Medina: jmtz_medina@hotmail.

com
• Carlos Patricio Sauceda Acosta: sauceda.

cpatricio@inifap.gob.mx

• Benjamín Hernández Vázquez: hernandez.
benjamin@inifap.gob.mx

• Héctor E. Villaseñor Mir: hevimir3@yahoo.com.
mx  

• Eduardo Villaseñor: villasenor.hector@inifap.gob.
mx

• Victor Manuel Hernandez Muelas: p196726@
uach.mx; hernandez.victor@inifap.gob.mx
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List of participants

Wheat Yield Consortium Field Workshop

CIMMYT – Cd. Obregón, Son. 

March 1 – 3, 2011

Osman ABDALLA

ICARDA
Syria

Email:  oaballa@cgiar.org

Janet ALLEN

BBSRC
United Kingdom

Email: janet.allen@bbsrc.ac.uk

Karim AMMAR

CIMMYT
México

Email: k.ammar@cgiar.org

P. Sthephen BAENZIGER

University of Nebraska
United States

Email: pstephen.baenziger@gmail.com

Pete BERRY

ADAS UK Ltd
United Kingdom

Email: Pete.Berry@adas.co.uk

Hans BRAUN

CIMMYT
México

Email: h.j.braun@cgiar.org

Daniel CALDERINI

Universidad Austral de Chile
Chile

Email: danielcalderini@uach.cl

Eloisa CARRILLO

CIMMYT
México

Email e.carrillo@cgiar.org

Saharah Moon CHAPOTIN

USAID
United States

Email: schapotin@gmail.com

Guilles CHARMET

INRA
France

Email: gilles.charmet@clermont.inra.fr

Sally R. Clayshulte

Bayer Crop science
United States

Email: sally.clayshulte@bayer.com

Anthony CONDON

CSIRO
Australia

Email: tony.condon@csiro.au

William DAVIES

Lancaster University
United Kingdom

Email: w.davies@lancaster.ac.uk

Michelle DEFRESSE

CIMMYT
México

Email: m.defresse@cgiar.org

Susanne DREISIGACKER

CIMMYT
México

Email: s.dreisigacker@cgiar.org

Ethienne DUVELLIER

CIMMYT
México

Email: e.duvellier@cgiar.org

Scott FERGUSON

CIMMYT
México

Email: s.ferguson@cgiar.org

Pedro FIGUEROA

INIFAP
México

Email: figueroa.pedro@inifap.gob.mx

John FOULKES

Nottingham University
United Kingdom

Email: john.foulkes@nottingham.ac.uk

Claus FROHBERG

Bayer Bioscience
United Kingdom

Email: claus.frohberg@bayer.com

Robert FURBANK

CSIRO
Australia

Email: Robert.Furbank@csiro.au

Bram GOVAERTS

CIMMYT
México

Email: b.govaerts@cgiar.org

Simon GRIFFITHS

John Innes Centre
United Kingdom

Email: simon.griffiths@bbsrc.ac.uk

Malcolm HAWKESFORD

Rothamsted Research
United Kingdom

Email: malcolm.hawkesford@bbsrc.ac.uk

Víctor Manuel HERNANDEZ

INIFAP
México

Email: hernandez.victor@inifap.gob.mx

Sybil HERRERA

CIMMYT
México

Email: s.herrera@cgiar.org

Javier IRETA MORENO

INIFAP
México

Email: ireta.javier@inifap.gob.mx

Mohammad Reza Jalal KAMALI

CIMMYT/SPII
Iran

Email: jalalkamali2000@yahoo.com

Ian KING

Aberystwyth University
United Kingdom

Email: ipk@aber.ac.uk

Vick Charles KNAUF

Arcadia
United States

Email: vic.knauf@arcadiabio.com
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Jacques LE GOUIS

INRA
France

Email: Jacques.legouis@ciermont.inra.fr

Stephen LONG

University of Illinois
United States

Email: slong@illinois.edu

Cándido LOPEZ CASTAÑEDA

COLPOS
México
Email: clc@colpos.mx

Helena LUCAS

INRA
France

Email: dgap@versalles.inra.fr

Thomas LUMPKIN

CIMMYT
México

Email: t.lumpkin@cgiar.org

Yann MANES

CIMMYT
México

Email: y.manes@cgiar.org

Juan MARTINEZ MEDINA

INIFAP
México

Email: jmtz_medina@hotmail.com

Suchismita MONDAL

CIMMYT
México

Email: s.mondal@cgiar.org

Gemma MOLERO

CIMMYT
México

Email: g.molero@cgiar.org

Benjamin MORENO SEVILLA

MONSANTO
United States

Email: benjamin.moreno-sevilla@
westbred.com

Said MOUZEYAR

INRA
France

Email: asid.mouzeyar@univ-bpclermont.fr

Erik MURCHIE

The University of Nottingham
United Kingdom

Email: erik.muchie@nottingham.ac.uk

Iván ORTIZ MONASTERIO

CIMMYT
México

Email: i.ortiz-monasterio@cgiar.org

Martin A.J. PARRY

Centre for Crop Genetic Improvement
Rothamsted Research
United Kingdom

Email: martin.parry@bbsrc.ac.uk

Jesse POLAND

Kansas State University
United States

Email: jpoland@ksu.edu

Matthew REYNOLDS

CIMMYT
México

Email: m.reynolds@cgiar.org

Richard RICHARDS

CSIRO Plant Industry
Australia

Email: richard.richards@csiro.au

Cherae ROBINSON

CIMMYT
México

Email: c.robinson@cgiar.org

Nathan RUSSELL

CIMMYT
México

Email: n.russell@cgiar.org

Rollin SEARS

Syngenta
United States

Email: rollin.sears@agripro.com

Ravi SINGH

CIMMYT
México
Email: r.singh@cgiar.org

Shyamsunder S. SINGH

DWR
India

Email: sssinghindia@rediffmail.com

Sukhwinder SINGH

CIMMYT
México

Email: suk.singh@cgiar.org

Gustavo A. SLAFER

University of Lleida
Spain

Email: slafer@pvcf.udl.cat

John W. SNAPE

BBSRC
United Kingdom

Email: john.snape@bbsrc.ac.uk

Ernesto SOLIS MOYA

INIFAP
México

Email: inifapsolis@prodigy.net.mx

Qing Feng SONG

CAAS
China

Email: songqingfeng@gmail.com

Héctor Eduardo VILLASEÑOR MIR

INIFAP
México

Email: Villaseñor.hector@inifap.gob.mx

Parminder VIRK

IRRI
Philippines

Email: p.virk@cgiar.org

Stephen VISSCHER

BBSRC
United Kingdom

Email: steve.visscher@bbsrc.ac.uk


